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ABSTRACT
PROKARYOTIC DIVERSITY AND AQUEOUS GEOCHEMISTRY OF SUBSURFACE
ENVIRONMENTS OF THE DEATH VALLEY REGIONAL FLOW SYSTEM
by
Joshua David Sackett

Dr. Brian P. Hedlund
Graduate Advisory Committee Chair
Professor of Biology
University of Nevada, Las Vegas

Dr. Duane P. Moser
Principal Investigator
Associate Research Professor
Desert Research Institute

This dissertation summarizes over four years of effort towards the completion of a Ph.D.
in Biological Sciences. The work presented in this document covers a broad range of topics, but
a central unifying theme is prokaryotic life in the continental subsurface. The work presented in
each chapter relied heavily on cultivation-independent methods for assessing prokaryotic
communities, including prokaryotic community structure reconstruction from high-throughput
sequencing of 16S rRNA gene libraries and single-cell genome analysis of novel uncultivated
bacteria.
Chapter 2 examines the aqueous geochemistry and prokaryotic diversity of Devils Hole, a
cavernous limnocrene and sole natural habitat for the critically endangered Devils Hole pupfish
(Cyprinodon diabolis), and of the Ash Meadows Fish Conservation Facility (AMFCF), a replica
of the Devils Hole environment constructed to aid in Devils Hole pupfish propagation and
conservation. Comparative analysis of the microbiology and geochemistry of these two locations
revealed marked differences: Devils Hole planktonic and sediment samples were dominated by
the cyanobacterium Oscillatoria, which proved virtually undetectable at AMFCF. Conversely,
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predicted heterotrophic organisms in the Verrucomicrobiaceae family dominated AMFCF
communities, but were comparatively rare in Devils Hole. Furthermore, bioavailable nitrogen
(primarily nitrate) was 5x lower in AMFCF. We propose that the paucity of bioavailable nitrogen
in AMFCF is reflected in the prokaryotic community disparity and that the lack of cyanobacteria
in AMFCF may ultimately impact survivorship and recruitment of refuge populations of the
Devils Hole pupfish.
Chapter 3 examines the spatiotemporal dynamics of surface-colonized prokaryotic
communities throughout an 883.5 meter deep borehole near Death Valley, California, USA. The
aim of this study was to develop a better understanding of fracture-associated microbial
communities in BLM1 through a combination of both planktonic characterizations (from highvolume pumping and discrete samples from the static water column) and in situ synthetic and
natural sponge colonization experiments by employing aqueous geochemical characterization,
thermodynamic modeling, and analysis of 16S rRNA gene libraries. Physical measurements
collected at 752 meters depth were indicative of hot, anoxic, circumneutral, and highly reducing
conditions. Thermodynamic calculations revealed an energetically austere environment.
Hydrogenotrophic sulfate reduction was the most exergonic metabolic reaction modeled.
Furthermore, prokaryotic communities of planktonic and attached samples were dominated by
yet-to-be cultivated, phylogenetically deeply branching taxa, including Acetothermia and
Aminicenantes, Candidatus Desulforudis, Hadesarchaea, and novel lineages in the Nitrospirae
family. Our observations suggest that the deep fractured rock ecosystem of the Death Valley
Regional Flow System discharge zone is a repository of novel biodiversity and that the sampling
of water samples from subsurface environments result in an underestimation of biodiversity.
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Chapter 4 examines the metabolic potential of novel uncultured Kiritimatiellae inhabiting
deep subsurface fluids of the Death Valley Regional Flow System using a single-cell genomics
approach. Genome assemblies from four Kiritimatiellae cells collectively encoded an atypical
Embden-Meyerhof-Parnas pathway lacking pyruvate kinase, a nearly complete pentose
phosphate pathway, and several of the genes involved in the tricarboxylic acid cycle. Genomes
also encoded genes involved in nitrite reduction to ammonia (NrfAH), thiosulfate oxidation to
tetrathionate (DoxD), and cytochrome bd ubiquinol oxidase (CydAB), although cytochrome bd
ubiquinol oxidase likely serves as a mechanism for removal of dioxygen as has been observed in
some obligate anaerobes. Putative geochemical assessment coupled with analysis of genes
encoded in genome assemblies suggest the potential for a saccharolytic, fermentative lifestyle
with glucose, mannose, and N-acetylglucosamine as likely carbon substrates.
Chapter 5 examines the prokaryotic biogeochemistry of hyporheic zone fluids collected
from six samples associated with the McCarran Ranch channel bar (MRCB) in the Truckee
River, Nevada, USA. We characterized the prokaryotic community structure, metabolic
potential, and aqueous chemistries of flowing river surface water and porewater. The
concentrations of potential respiratory electron acceptors were highest in the surface water and
riverbed porewater samples and were sequentially depleted (O2, then NO3-, then SO42-) in
porewater from the MRCB. Likewise, we observed a shift in metabolic strategy, from aerobic
heterotrophy in river surface water, to chemolithotrophy along the inferred hyporheic flow path,
as evidenced by shifts in putative metabolic strategies of dominant members of the prokaryotic
communities. These data suggest that prokaryotic communities within the MRCB are
phylogenetically and metabolically diverse and contribute to biogeochemical cycling in this
common yet relatively understudied habitat.
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CHAPTER 1 – LITERATURE REVIEW

This brief review will present a historical recount of subsurface microbiology, some of the
technological advancements that have allowed for comprehensive cultivation-independent
assessments of subsurface microbial communities, manners of gaining access to the subsurface
and accounting for potential contamination, and recent knowledge of subsurface microbial life.

CONTINENTAL SUBSURFACE MICROBIOLOGY – A BRIEF HISTORY
Antonie van Leeuwenhoek, the ‘Father of Microbiology’ and one of the world’s first
microscopists (Lane, 2015), was the first person to observe ‘animalcules’ [little animals] –
prokaryotes and protozoans – in rainwater, snow water, sea water, and well water (van
Leewenhoeck, 1677). In 1926, Bastin and colleagues (1926) demonstrated that cultivable
anaerobic bacteria capable of sulfate reduction, and bacteria capable of other metabolisms, were
present in oilfield waters obtained from depths ranging from 137—518 meters below land
surface (Bastin et al., 1926). Microbiology of petroleum wells continued to garner attention and
study due to biologically mediated corrosion of iron and steel well casings, microbial growth and
precipitation of sulfides in service water and water injection systems, and for potential
applications of sulfate-reducing bacteria to remove sulfur compounds from crude oil (reviewed
in (Davis and Updegraff, 1954). However, the expansion of subsurface microbiology was
hindered by the general assumption that dissolved organic carbon concentrations in deep
subsurface groundwater were insufficient to sustain life (reviewed in (Wilson et al., 1983)) and
the lack of aseptic sampling techniques, which were not pioneered until the 1970s and 1980s
(Dunlap, 1977; Wilson et al., 1983; Smith et al., 1986; Phelps et al., 1989). Additionally, the
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advent of cultivation-independent techniques (discussed below) to assess microbial communities
beginning in the mid-1900s completely revolutionized subsurface microbiology. Through the
integration of aseptic sampling, molecular biology techniques and greater focus on organic
contaminant fate and transport in the subsurface (Wilson et al., 1983), these studies and others
(reviewed in (Griebler and Lueders, 2009)) have demonstrated that microorganisms are
ubiquitous in subsurface waters, sediments, and rock cores.

MOLECULAR BIOLOGY REVOLUTION AND THE NOTION OF ‘SPECIES’
Prior to the molecular biology revolution in the mid-20th century, bacteria were classified
based on phenotype. This classification strategy required that the organism of interest be readily
cultivated and probed to determine their biochemical nature. Beginning in the late 1960s,
scientists began to experimentally determine DNA reassociation patterns between two different
bacteria (Brenner, 1973; Richter and Rossello-Mora, 2009). Brenner (1973) performed DNADNA hybridization experiments on multiple species within the Enterobacteriaceae family
(classically defined by biochemical properties) and showed that multiple strains within a given
species typically share 70% or greater sequence homology, thus providing an experimentally
determined threshold for which to classify species based on DNA-DNA hybridization.
In 1987, an ad hoc committee convened to discuss bacterial systematics and address the
definition of a bacterial species (Wayne et al., 1987). Building on the initial findings of Brenner
in 1973, the committee (of which Brenner was a member) determined that the DNA-DNA
hybridization technique was the best available method for determining phylogenetic relatedness
and identifying species. Furthermore, the committee defined specific experimental conditions
that must be satisfied to constitute identification of a new species: two strains would be
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considered the same species if they had ≥70% DNA sequence homology and a ≥5°C difference
in DNA melting temperatures. Even so, two purported strains of the same species must also
maintain phenotypic consistency.
These criteria remained relevant and generally supported by the scientific community
into the early 2000s, although the ‘DNA sequencing revolution’ had been taking place
concurrently (Staley, 2006; Brenner et al., 2015). During this time, ribosomal RNA gene
sequence analysis was gaining momentum, especially with the establishment of the three-domain
tree of life derived from rRNA gene sequences (Woese et al., 1990). By investigating the 16S
rRNA gene sequences of bacteria, scientists were able to establish phylogenetic relationships
among organisms independent of DNA-DNA hybridization experiments, which helped to
remove the element of experimental error, cumbersomeness of DNA-DNA hybridization
experiments, and the requirement of organism cultivation (Staley, 2006; Richter and RosselloMora, 2009). 16S rRNA gene sequence analysis also presents some challenges. Fox et al. (1992)
found that two type species of the genus Bacillus (B. globisporus W25 and B. psychrophilus
W16A), along with another strain of B. psychrophilus (W5), shared >99.5% 16S rRNA gene
sequence identity although the two species were phenotypically divergent. Comparatively, Fox et
al. (1992) also showed that other Bacillus species shared an average of 88.7% sequence
similarity, which indicated that B. globisporus and B. psychrophilus should be regarded as the
same species based solely on gene sequence, even though a sequence identity threshold
differentiating species from one another had not yet been described.
In 1994, Stackebrandt and Goebel performed a meta-analysis comparing pairwise 16S
rRNA gene sequence similarities with corresponding DNA reassociation values from DNA-DNA
hybridization experiments. Their study found that, based on available data at the time, organisms

3

with ≥97.0% 16S rRNA gene sequence homology also had a DNA reassociation value of >60%,
which indicated that a species could be defined based on 16S rRNA gene sequence (Stackebrandt
and Goebel, 1994). This new criterion allowed for the discovery of new species in a cultureindependent manner, and remains the primary means to define bacterial species today (CaroQuintero and Konstantinidis, 2012). Furthermore, the development and improvement of wholegenome and metagenome sequencing technologies and bioinformatics analysis pipelines,
coupled with the immense decrease in sequencing costs over the last decade (reviewed in
(Shendure and Lieberman Aiden, 2012)) have facilitated a shift in microbial systematics.
Given these new insights, some scientists have looked beyond the 16S rRNA gene when
classifying bacterial species and have coupled their analyses with an environmental framework.
Whole-genome sequencing of nine representatives from four clades within the Escherichia
genus, all of which were classified as E. coli using traditional phenotypic characterization
techniques, revealed marked diversity in gene content largely based on clade, although the
representatives all contained the core genes found in all available E. coli genomes (Luo et al.,
2011). Furthermore, genetic exchange events were observed within ecological niches; that is,
genetic exchange events were identified within the environmental clades and within enteric
clades, but not among environmental and enteric clades, suggesting that ecological isolation is an
important factor to consider when investigating the evolutionary history of an organism.
Recently, Parks and colleagues (2018) developed a robust bacterial taxonomy based on
relative evolutionary divergence (Parks et al., 2017) of concatenated protein phylogenies of 120
single-copy marker genes called the Genome Taxonomy Database (GTDB). Perhaps for the first
time, GTDB provides an empirical method for assigning taxonomy based on the relative
evolutionary distance of all organisms comprising a particular clade whereas taxonomy has
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historically been assigned based on arbitrary nucleotide or amino acid identity thresholds of a
small number of gene or protein sequences (Yarza et al., 2014).

ACCESS TO THE SUBSURFACE
Access to the subsurface remains one of the greatest impediments to the exploration of
subsurface microbial communities. A common method for accessing the subsurface involves
drilling techniques. To access deep materials, rotary drills are used in combination with drilling
fluids, such as formation waters, drilling muds, and other compounds, which are necessary to
facilitate the drilling process. Drilling fluids are also a prominent source of contamination and
can overprint endogenous biological signatures (Pedersen et al., 1997; Moser et al., 2003; Zhang
et al., 2007; Wilkins et al., 2014). Additionally, boreholes are subject to potential introduction of
contamination during the installation of non-sterile casings and cements, which are installed to
prevent collapse of the borehole and to seal off non-target formations. Given the great potential
for introduction of contaminants during drilling, caution should be exercised when interpreting
geochemical and microbiological data from borehole samples. Moser et al. (2003) have
demonstrated that, upon in situ isolation and exclusion of borehole fluids from the mining
atmosphere, planktonic microbial communities and aqueous geochemistry equilibrated back to
their presumed native state (e.g. α, β, and γ Proteobacteria were replaced with
Desulfotomaculum-like bacteria, redox potential decreased, and pH increased). Likewise,
Davidson et al. (2011) have shown that microbiological contamination signatures (e.g. β and γ
Proteobacteria, Cenarchaeceae, and Nitrososphaera) were removed from continuously flowing
borehole fluids after more than 50 borehole volumes of fluid had passed through the borehole.
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These studies suggest that, once subsurface fluids have been isolated and allowed to equilibrate,
the environment will select against contaminating microorganisms.
The continental deep biosphere can also be accessed more passively by sampling springs
that source deep groundwater, by collecting water seeping through fractures in mine or cave
walls, or by collecting rock material from mines and caves (Bomberg and Ahonen, 2017).
However, as these environments are not isolated, the risk of potential contamination remains a
large concern. Introduction of oxygen, and potentially airborne microorganisms, from
interactions with the atmosphere is a potential route of contamination in each of these
environments. Similarly, these environments are susceptible to contamination from animal
activity and disturbance, from wind and wind-blown debris, or by colonization by organisms
inhabiting the same physical area (e.g. soils). For example, Schouten et al. (Schouten et al.,
2007) have suggested that the presence of the archaeal lipid crenarchaeol in continental hot
springs was due to soil contamination. Likewise, Zhang et al. (2008) have suggested that the
presence of some amoA genes in hot spring sediments are likely contaminants derived from soil
ammonia oxidizing archaeal communities. Additionally, Campbell et al. have suggested that the
bacterial abundance, species richness, and the presence of coliforms in cave water pools are
influenced by humans or other animals, such as bats. Regardless of whether deep continental
biosphere environments are accessed via active (e.g. drilling) or passive mechanisms, caution
must be exercised to collect samples aseptically and account for potential sources of
contamination.
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SUBSURFACE MICROBIAL LIFE
Life on the surface of the earth depends on energy from sunlight to fuel primary
production, which serves as the base of all food webs. In the subsurface, microbial life exists
independent of the sun’s energy, by carrying out primary production independent from
photosynthesis and relying instead on energy obtained from geochemical sources – a process
called chemolithoautotrophy (Stevens and McKinley, 1995; Stevens, 1997) (Figure 1.1). Given
the scarcity of fixed carbon and sources of energy in most subsurface environments,
microorganisms inhabiting these habitats have extremely low metabolic rates and long
generation times (Phelps et al., 1994; D'Hondt et al., 2002; Lin et al., 2006).

Figure 1.1. Simplified diagram showing the chemolithotrophic carbon cycle driven by hydrogen
oxidation and in which carbon dioxide serves as primary carbon source. Image source:
(Pedersen, 2000).

The continental subsurface represents the second largest (Whitman et al., 1998) and least
understood biomes on earth (Lopez-Fernandez et al., 2018). Biomass in the continental
subsurface accounts for an estimated 2-19% of the earth’s total biomass (McMahon and Parnell,
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2014). In a meta-analysis of 3,800 subsurface cell concentrations from core material and
groundwater samples, Magnabosco and colleagues (2018) have estimated the total global
continental subsurface prokaryotic biomass to 23 – 31 petagrams of carbon, greatly constraining
estimates of others (Whitman et al., 1998; Kallmeyer et al., 2012; McMahon and Parnell, 2014;
Bar-On et al., 2018). Although there is a high degree of variability and uncertainty in subsurface
biomass estimates, understanding the nature of biology and biomass in the subsurface will in turn
allow us to develop more accurate global models of biogeochemical cycles and can help inform
the search for life outside of Earth.
Continental subsurface environments have been described as ‘biodiversity hotspots’
(Anantharaman et al., 2016; Hernsdorf et al., 2017) due to the presence and abundance of deeply
branching bacterial phyla belonging to the Candidate Phyla Radiation (CPR) (Brown et al., 2015;
Probst et al., 2018) and archaeal phyla belonging to the DPANN superphylum and others (Rinke
et al., 2013; Brown et al., 2015; Probst et al., 2018) (Figure 1.2). These diverse communities,
isolated from carbon and energy inputs from phototrophy, are comprised of organisms capable of
survival under oligotrophic conditions and are taxonomically distinct from surface communities
(Stevens and McKinley, 1995; Lin et al., 2006; Hoehler and Jorgensen, 2013). Furthermore, the
presence, abundance, and distribution of microorganisms in the subsurface are often dictated by
local geochemistry and hydrology (Gihring et al., 2007).
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Figure 1.2. A) Phylogenetic tree updated from Hug et al. (2016). Due to space constraints, not
all phyla are indicated on the tree. The trees were calculated using a maximum-likelihood
algorithm (RAxML with PROTCATLG model) based on genome sequences containing 14
ribosomal proteins – See Hug et al. (2016) for methodological details. B) Maximum-likelihood
phylogenetic tree constructed from archaeal sequences with bacteria as an outgroup. Image
source: (Castelle and Banfield, 2018).
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The deepest continental borehole on Earth is the Kola superdeep well SG-3, drilled to a
depth of 12,262 m in the Pechenga-Zapolyarny region of the Kola Peninsula, Russia (Popov et
al., 1999). SG-3 intersects rocks from the Archaean Kola series from 6,842 m (>2,500 Mya).
Although the drilling of SG-3 to extreme depths was predominantly a demonstration of
technological capacity analogous to the Space Race of the 1950s and 1960s, the site has been
used for extensive geophysical investigation (Pedersen, 2000; Ault, 2015). Microbiological
investigation was not a primary research focus at SG-3; however, other deep continental
boreholes, accessed from the Earth’s surface and from deep mines, have been the focus of deep
life surveys. These include boreholes drilled from several kilometers depth in South African gold
mines, the Outokumpu deep borehole in Finland, and oil exploration boreholes in Western
Siberia, Russia, among many others worldwide.
Early work on fluids collected from a 743 m deep borehole (D8A) drilled into the
floor of a South African mine tunnel over 2.7 km below land surface revealed a microbial
community dominated by two organisms (Moser et al., 2005): Desulfotomaculum, a
chemolithoheterotrophic sulfate-reducing organism that derives energy from hydrogen and
organic carbon oxidation (Liu et al., 1997; Stackebrandt, 2014), and Methanobacterium, a
hydrogenotrophic methanogen (Stupperich et al., 1983). Interestingly, further analysis of the 16S
rRNA gene of Desulfotomaculum in D8A resulted in reclassification of this sequence as
Candidatus Desulforudis audaxviator, a predicted hydrogenotrophic sulfate-reducing
chemolithoautotroph (Chivian et al., 2008). Fluids obtained throughout borehole D8A were
anoxic and warm (43.3-54°C), and contained high concentrations of dissolved hydrogen,
methane, and sulfate (0.165, 17.5, and 0.007 mM, respectively) (Moser et al., 2005). In
sediments, hydrogen concentrations are controlled by methanogenesis and sulfate reduction,

10

which typically deplete hydrogen to 1-1.5 nM (Lovley et al., 1994). This excess of hydrogen was
predicted to facilitate the coexistence of methanogenic and sulfate reduction metabolisms and
could explain the codominance of Desulfotomaculum and Methanobacterium (Moser et al.,
2005).
Shortly thereafter, Chivian and colleagues (2008) found that fracture water collected
at a depth of 2.8 km in a different South African gold mine was inhabited by a single organism
that comprised nearly 100% of the microbial community based on 16S rRNA gene clone
libraries. The organism, aptly named Candidatus Desulforudis audaxviator – ‘the bold traveler,’
remains uncultivated but is predicted to encode all of the genes necessary for a
chemolithoautotrophic lifestyle in isolation, including complete pathways for carbon fixation,
nitrogen fixation, and energy metabolism (Chivian et al., 2008). Furthermore, this organism was
predicted to obtain nutrients and sources of energy (H2) derived from radioactive decay of
uranium (Lin et al., 2005).
Subsequent work on ultradeep mines throughout South Africa has greatly expanded
our knowledge of subsurface lithoautotrophic ecosystems. Magnabosco and colleagues
(Magnabosco et al., 2014) have demonstrated that, despite similarities in aqueous geochemistry,
physical parameters, and geographic location, microbial communities inhabiting fracture water in
South African mines and thermal spring water were distinct from one another, suggesting that
springs are being fed by a different water source (e.g. meteoric). Using a metagenomics
approach, Lau et al. (2014) have shed light on the biogeography of nitrogen cycling genes from
deep subsurface fracture fluids. Their study demonstrated that taxonomic and phylogenetic
distributions of functional genes in these environments are distinct and sample-specific, and that
different selection pressures may be at play in each location (Lau et al., 2014). Furthermore, Lau
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et al. (2016) have explored the metabolic processes of microorganisms inhabiting fracture fluids
at 1.34 km depth using a combination of metatranscriptomics, metaproteomics, stable isotope
geochemistry, and thermodynamic modeling. This comprehensive study revealed that, contrary
to previous studies, subsurface lithoautotrophic ecosystem processes were dominated by sulfurdriven denitrification and not H2-driven autotrophic processes, although H2-driven autotrophic
processes supported this dominant metabolism via syntrophic interactions (Lau et al., 2016).
The Outokumpu deep borehole R2500, located in Outokumpu, eastern Finland, was
drilled in 2004-2005 to a depth of 2,516 m as part of the International Continental Scientific
Drilling Program. The primary goals of the drilling project were to obtain a greater
understanding of the geology and geochemistry of the crystalline rocks of the Fennoscandian
Shield and to investigate deep subsurface life (Itävaara et al., 2011a). Predominant ions in water
samples collected over the first 1500 m depth of R2500 were calcium, sodium, and chloride, pH
ranged from 8-9, and dissolved gases were dominated by methane and nitrogen (Itävaara et al.,
2011b). Despite being drilled to a depth of over 2.5 km, the water temperature at the bottom of
the borehole was only 40°C (Itävaara et al., 2011b), indicative of a relatively low geothermal
gradient. Microbiological assessment of fluids obtained over the entire depth of the borehole via
cultivation-independent methods has revealed microbial communities dominated putative
chemolithotrophic organisms. The relative abundance of putative sulfate reducers (e.g.
Desulfotomaculum and Candidatus Desulforudis) and hydrogenotrophic methanogens (e.g.
Methanobacterium) generally increased in abundance with depth (Itävaara et al., 2011a; Itävaara
et al., 2011b; Purkamo et al., 2016). Beyond South Africa, Outokumpu is one of only a few
locations in the world where Candidatus Desulforudis has been detected. Quantitative real-time
PCR targeting the dissimilatory sulfite reductase gene (dsrB) and methyl-coenzyme M reductase
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gene (mcrA), involved in sulfate reduction and methanogenesis, revealed a general increase in
copy number with depth in the borehole, suggesting that the number of sulfate-reducing bacteria
and methanogenic archaea increased with depth (Itävaara et al., 2011a). Furthermore, stable
isotope analysis (13C) of dissolved methane, inorganic carbon, and organic carbon in deep
subsurface fluids from throughout the Fennoscandian Shield indicates that biologically mediated
methanogenesis is more common at shallower depths and that acetoclastic methanogenesis is a
major contributor to organic carbon cycling in the Fennoscandian Shield (Kietäväinen et al.,
2017).
Microbiological investigations of a deep subsurface thermal aquifer in Western
Siberia, Russia, have revealed similar microbial community structures to samples from South
Africa and from the Outokumpu deep borehole. In their examination of deep subsurface fluids
emanating from an abandoned oil exploration borehole, Kadnikov and colleagues (2017) found
the microbial community to be dominated by Firmictues and Archaea (23.3 and 52% relative
abundance, respectively). Of the Archaea present, Methanosaeta, an acetoclastic methanogen
(Patel and Sprott, 1990), and Methanothermobacter, a hydrogenotrophic methanogen
(Wasserfallen et al., 2000) were each found at >20% relative abundance (Kadnikov et al., 2017).
Metagenomics-based investigation into the microbiology of a different oil exploration borehole
revealed a microbial community dominated by uncultured lineages in the phyla Chloroflexi,
Ignavibacteriae, Aminicenantes, and Riflebacteria with diverse metabolic capacities (Kadnikov
et al., 2018a). Additionally, Candidatus Desulforudis audaxviator was found in abundances of 714%. Outside of deep oil exploration boreholes in Russia and deep mines in South Africa, 16S
rRNA gene sequences nearly identical to C. D. audaxviator MP104C (Chivian et al., 2008) have
been detected in Outokumpu deep borehole fluids from 1.2–1.5 km deep in the Fennoscandian
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Shield in Finland (Itavaara et al., 2011) (discussed above), from subseafloor crustal basalt fluids
in the Juan de Fuca Ridge (Jungbluth et al., 2013), and in geothermal aquifer fluids originating
from a depth of 1.2 km in Germany (Lerm et al., 2013). Given the acute distribution of C. D.
audaxviator, this organism appears to be a strong indicator of the deep biosphere.
Much of our knowledge of subsurface microbiology is derived from fluids, i.e. planktonic
microbial communities. However, the vast majority of cells in the subsurface are likely found in
an attached state, either attached to sediment particles or fracture surfaces (Pfiffner et al., 2007;
Wanger et al., 2007). McMahon and Parnell (2014) estimate that less than 1% of cells in the
subsurface are in an unattached planktonic state. Many studies of subsurface microbiology have
characterized the planktonic microbial communities from borehole fluids (Moser et al., 2005;
Lau et al., 2014; Magnabosco et al., 2014; Osburn et al., 2014; Frank et al., 2016; Ino et al.,
2016; Lau et al., 2016; Kadnikov et al., 2017; Rempfert et al., 2017; Wu et al., 2017; Kadnikov
et al., 2018a; Kadnikov et al., 2018b), however, Wu et al. (2017) have shown that biofilm
communities colonized from flow cells attached to flowing boreholes were taxonomically
distinct from planktonic communities and Momper et al. (2017) have demonstrated that rockhosted microbial communities were distinct from corresponding planktonic microbial
communities of deeply circulating groundwater. Therefore, while the organisms inhabiting the
planktonic phase of subsurface environments provide insights into the microbiology of the deep
subsurface, it is possible these studies are missing a critical component of subsurface microbial
communities. This presents a significant challenge to our understanding of subsurface microbial
communities due in part to the difficulty of sampling sediments and fracture surfaces while
minimizing the potential for introduction of contaminants. Moreover, these challenges and
shortcomings offer opportunities for innovation in sample collection and analysis.
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DEATH VALLEY REGIONAL FLOW SYSTEM
The Basin and Range physiographic province is an extensional zone characterized by thin
crust (Collier, 1990) and North-South-trending faults, valleys, and mountains. Local geology is
complex; recording tectonic and sedimentary (marine and continental), metamorphic, and
intrusive igneous histories from over 2 Ga, including the formation of thick Paleozoic (~550 Ma)
marine carbonates that today underlie much of the region, the extrusion of a broad Tertiary (23 –
2.6 Ma) volcanic plateau to the North of BLM1, and crustal extension, from ~17 Ma to present,
that created the B&R and Death Valley (~2 – 3 Ma, (Harris, 1997)).
Fault-controlled flow of paleometeoric water in the Basin and Range results in the
development of hydrographic basins and sub-basins (Winograd, 1975; Winograd, 2005); the
largest of which, at ~100,000 km2, is the Death Valley Regional Flow System (DVRFS). In the
DVRFS, vertical relief is exaggerated, ranging from mountain tops that reach 3,600 meters above
sea level to the floor of Death Valley, at 86 meters below sea level, the lowest point in North
America. This large vertical relief drives the flow of groundwater to thousands of meters depth
and potentially over hundreds of km; from montane recharge areas to distant large-discharge
springs on the valley floors (see Chapter 2) (Nelson et al., 2004; Anderson et al., 2006; Belcher,
2009) (Figure 1.3). This so-called ‘Interbasin Flow’ concept (Eakin, 1966; Harrill et al., 1988;
Winograd, 2001; 2005) has significant implications for the distribution of deep subsurface life
throughout the B&R.
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Figure 1.3. Death Valley Regional Flow System. System boundaries are indicated by thick
colored lines. Blue lines indicate lateral flow into the DVRFS. Dark pink lines indicate lateral
flow out of the DVRFS. Grey lines indicate no lateral flow. Major recharge areas (montane
regions) are indicated by purple shading. Major natural discharge areas (valley floors) are
indicated by salmon-colored shading. Image source: (San Juan et al., 2010).
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Monitoring borehole BLM1, the field site for work presented in Chapters 3 and 4, is
located in the Basin and Range at the base of the western flank of the Funeral Mountains in Inyo
County, California (36.4004N, -116.4692W, well pad 694 meters above sea level). BLM1 was
drilled to a depth of 883.5 m below land surface in 2007 by contractors for the United States
Department of Energy to monitor groundwater flow through the DVRFS. The borehole bisects
lithologies ranging from lake sediments and volcanic tuff, to valley fill alluvium, and ultimately
intersects hydrologically conductive Paleozoic carbonates (Hidden Valley Dolomite) at 748
mbls. BLM1 is cased in unscreened low-carbon steel to a depth of 750 mbls with partially
collapsed open-hole completion below. Hydrostatic pressure in the subsurface results in upward
movement of water in BLM1 which is accessible at only ~30 mbls.
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ABSTRACT
Devils Hole is the sole natural habitat of the critically endangered Devils Hole pupfish
(Cyprinodon diabolis). To establish a backup population, the Ash Meadows Fish Conservation
Facility (AMFCF), a full-scale replica of the uppermost 6.7 m of Devils Hole, was constructed
by management agencies in the mid-2010s. Despite rigorous efforts to mimic the bathymetric
and physical details of the Devils Hole environment, the biogeochemistry and microbiology of
the AMFCF refuge tank remain largely unaddressed. We evaluated water physicochemistry and
employed Illumina DNA sequencing of 16S rDNA to evaluate planktonic and benthic bacterial
and archaeal community composition within their respective physicochemical contexts in Devils
Hole and AMFCF on the same day. Major ion concentrations were consistent among the two
systems, but water temperature and dissolved oxygen dynamics differed. Bioavailable nitrogen
(primarily nitrate) was 5x lower in AMFCF. Devils Hole and AMFCF nitrogen:phosphorus
molar ratios were 107:1 and 22:1, indicative of different nutrient control mechanisms. Both sites
are microbiologically diverse, with over 40 prokaryotic phyla represented at each, with 37 shared
between them and nearly half deriving from candidate divisions. The abundance and
composition of predicted photosynthetic primary producers (Cyanobacteria) was markedly
different between sites: Devils Hole planktonic and sediment communities were dominated by
Oscillatoria spp. (13.2% mean relative abundance), which proved virtually undetectable in
AMFCF. Conversely, AMFCF was dominated by a predicted heterotroph from the
Verrucomicrobiaceae family (31.7%); which was comparatively rare (<2.4%) in Devils Hole.
We propose that the paucity of bioavailable nitrogen in AMFCF, perhaps resulting from physical
isolation from allochthonous environmental inputs, is reflected in the microbial assemblage
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disparity, influences biogeochemical cycling of other dissolved constituents, and may ultimately
impact survivorship and recruitment of refuge populations of the Devils Hole pupfish.

INTRODUCTION
The role of microorganisms in elemental and nutrient cycling, as direct food resources for
higher organisms, and in regulating overall system productivity is an often overlooked aspect of
natural and constructed aquatic systems, particularly in conservation efforts of endangered fish
species (Biddanda et al., 2001; Riggs and Deacon, 2002). The abundance and distribution of
microorganisms is affected by physical parameters (e.g.: temperature, pH, light) and aqueous
chemistry gradients (e.g.: dissolved oxygen, nutrient, carbon, and trace element concentrations)
(Crosbie et al., 2003; Barranguet et al., 2005). Changes in the distribution and composition of
microbial assemblages in ecosystems that support endangered species, or the inability to
replicate the lower trophic structure and aqueous physicochemistry in constructed refuges or
mesocosms, can affect the survivorship of higher order organisms. This is due to alteration of
dissolved nutrient availability and distribution, reduction or destruction of habitat, and/or loss of
food sources for higher-order organisms (Cotner and Biddanda, 2002). These changes, which
propagate through the aquatic food web, are consequential to endangered endemic fish
populations within their respective systems.
Endemic fishes of the arid southwestern United States are among the planet’s most
imperiled species. The desert aquatic ecosystems that support populations of native fishes are
increasingly threatened by a range of interrelated factors, including the influence of invasive and
introduced species (Minckley and Deacon, 1968), groundwater diversion (Leigh and Sheldon,
2008), and climate change (Winder and Schindler, 2004; Hausner et al., 2014). Devils Hole, a
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cavernous limnocrene located in a disjunct portion of Death Valley National Park in the Mojave
Desert, Nevada, USA (Riggs and Deacon, 2002), is one such vulnerable and threatened desert
aquatic ecosystem. Devils Hole supports a relatively simple food web, composed of floating
biofilms dominated by filamentous Cyanobacteria (Oscillatoria and Plectonema), a eukaryotic
alga (Spirogyra), and a heterotrophic Alphaproteobacterium (Beggiatoa) (Madinger et al., 2016),
fewer than 15 recognized invertebrate species (Herbst, 2003), and a single vertebrate: a critically
endangered, endemic cyprinodont fish (Cyprinodon diabolis, the Devils Hole pupfish) (Wales,
1930; Minckley and Deacon, 1991; NatureServe, 2014). The small (<30mm in length), energetic,
iridescent blue Devils Hole pupfish survive on a diet composed of diatoms, cyanobacteria,
filamentous green algae, and macroinvertebrates (Wilson and Blinn, 2007; Bernot and Wilson,
2012). Often regarded as the most geographically restricted vertebrate on the planet (Riggs and
Deacon, 2002; Beissinger, 2014), a combination of extremely low fecundity, unpredictable
survivorship, and a short 12-14-month lifecycle renders the population intrinsically vulnerable to
environmental and hydrologic disturbances. Correspondingly, the Devils Hole pupfish and its
habitat have been the focus of extensive litigation (United States vs. Cappaert, 1974; 1978)
(Riggs and Deacon, 2002), including the first test of the US Endangered Species Act (Cappaert
vs. the United States, 1976), public engagement, and monitoring/conservation efforts since the
1960s.
Local groundwater extraction in the 1960s and early 1970s caused the water level in
Devils Hole to fall, exposing the shallow rock shelf critical for Devils Hole pupfish feeding and
spawning, and thereby driving a decline in the pupfish population (annual maxima x̄ = 296
individuals) during the lowest water years of 1972 – 1976. Following a court-ordered curtailment
of groundwater withdrawal, however, the pupfish population partially rebounded in the 1980s
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and 1990s (annual maxima x̄ = 482 individuals (Minckley and Deacon, 1991)); only to
subsequently decline again to an historic low of just 35 individuals in the spring of 2013
(Hausner et al., 2014), which coincided with an observed decrease in Spirogyra (eukaryotic
algae) and cyanobacterial biofilm biomass (Madinger et al., 2016). In an effort to prevent
extinction of the species, three artificial refuges were constructed over the years: Hoover Dam,
School Springs, and Point of Rocks (completed in 1972, 1973, and 1990, respectively).
Following some initial successes, all ultimately failed primarily due to fluctuations in water
supply and temperature (engineering failures) and accumulation of sediment and debris (Martin,
2005; Wilcox and Martin, 2006; Karam et al., 2012). Most recently (mid 2000s), interspecies
hybridization (C. diabolis × C. nevadensis mionectes, the Ash Meadows Amargosa pupfish) and
subsequent phenotypic divergences were observed at the Point of Rocks Refuge (Wilcox and
Martin, 2006), making release of its fish back into Devils Hole untenable (Martin, 2005; Karam
et al., 2012; Sunagawa et al., 2015).
Attempts to cultivate Devils Hole pupfish in laboratory settings have also been
challenging. In 1995, for example, Deacon et al. (1995) showed that hatch rates were greatly
reduced in laboratory aquaria (4%) vs. Devils Hole (12%). More recently, Feuerbacher and
colleagues (2017a) demonstrated that egg and larval infections contributed to low hatch rates and
reduced larval survival of Devils Hole pupfish hybrids in constructed environments. In 2013,
another effort was undertaken to establish a backup population of Devils Hole pupfish, which
culminated in the construction of the Ash Meadows Fish Conservation Facility (AMFCF). To a
greater extent than with the earlier examples, this artificial habitat was designed to replicate the
dimensions, microclimate, and aqueous chemistry of Devils Hole. Physical conditions in
AMFCF, however, intentionally deviate from those in Devils Hole to encourage fish survival and
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reproduction through reduced thermal and respiratory stress. Specifically, water temperature at
AMFCF is maintained 2-3°C lower than in Devils Hole (33.5°C ambient) and dissolved oxygen
concentration is roughly double that in Devils Hole (~5 mg/L vs. 2.5 mg/L); modifications
empirically shown in work conducted in the AMFCF laboratory to enhance egg production,
growth, and survival of C. diabolis × C. nevadensis mionectes hybrids (Feuerbacher et al., 2015).
In spite of these amendments, minimal natural reproduction of Devils Hole pupfish has been
documented in AMFCF to date and recruitment success has been limited (Feuerbacher et al.,
2017b).
To date, constructed refuges have focused primarily on maintaining the Devils Hole
pupfish phenotype while generally ignoring physical and chemical parameters, particularly
nutrient dynamics, and microbial influences. We hypothesize that the limited survivorship and
recruitment success of the Devils Hole pupfish in AMFCF may reflect a failure to replicate
Devils Hole nutrient balance and microbiology. As biogeochemical function of oligotrophic
ecosystems is thought to be disproportionately influenced by prokaryotes (Cotner and Biddanda,
2002), ecosystem sensitivity to lower trophic dysfunction could be magnified in Devils Hole and
AMFCF. Thus, the ongoing lack of attention to microbial ecology could represent both a
knowledge gap in our understanding of historic declines of wild Devils Hole pupfish and a factor
affecting the success of aquatic refuges in general. The work presented here represents the first
published survey of prokaryotic diversity at Devils Hole and the AMFCF and a first step towards
the development of a baseline understanding of the microbial ecology of these sites. Here, we
provide a side-by-side assessment of how effectively AMFCF replicates the extant Devils Hole
environment, which in turn may provide insights for the management of Devils Hole pupfish in
both environments.

30

MATERIALS AND METHODS
Site description
Devils Hole (36°25’38”N, 116°17’28”W), located in a disjunct portion of Death Valley
National Park within the Ash Meadows National Wildlife Refuge (AMNWR), Amargosa Valley,
Nevada, USA, is a tectonic cave in Paleozoic carbonate rock and classified as a geothermal
limnocrene (Figure 2.1a) (Riggs and Deacon, 2002). The cave is narrow and elongate with nearvertical sides, and intersects local groundwater at ~15 m below land surface (Bernot and Wilson,
2012). The water body (~3.5 x 22 m surface area) is separated into a deep pool and a shallow
rock shelf. The pool has an unknown maximum depth (>152 m) and is sourced by a deep
fractured rock aquifer, the Death Valley Regional Flow System (Winograd, 1975; Anderson et
al., 2006; Belcher, 2009; Thomas et al., 2013) underlying AMNWR (Chaudoin et al., 2015). The
shelf occupies ~3.5 x ~5 m at the south end of Devils Hole and is variably covered with cobble,
gravel and fine sediments, deposited and rearranged periodically by meteoric runoff or
seismically induced seiches (Chaudoin et al., 2015). This shelf exists ~30 cm below water
surface and hosts seasonal algal blooms, despite receiving at most 4-5 hours of direct sunlight
during the summer and only indirect illumination for ~7 months of the year (Wilcox and Martin,
2006; Bernot and Wilson, 2012). Most of Devils Hole pupfish feeding and spawning occurs on
this shelf (Minckley and Deacon, 1973).
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Figure 2.1. Field sites. A) The top of the Devils Hole water table viewed looking north. The
shallow shelf roughly corresponds to the area below the metal walkway (temporarily installed for
this work) and was partially covered with algal mats on the day of sampling. The deep pool
occupies the algae-free upper half of the submerged area. B) Refuge tank at the Ash Meadows
Fish Conservation Facility, a full-scale bathymetric replica of the shelf at Devils Hole, on the day
of sampling. As shown, the shelf occupies the area below the concrete ledge.

AMFCF (36°25’25”N, 116°18’20”W), completed in 2013 and stocked periodically with
material from Devils Hole (algal mats and shelf sediment), is located 1.3 km west of Devils Hole
(Figure 2.1b). This 415,000 L, 6.7-m-deep replica of the shallower portions of Devils Hole was
constructed to establish and maintain a backup population of Devils Hole pupfish. Its shelf,
carved from foam and sealed with fiberglass, was designed to replicate the bathymetry of the
Devils Hole shelf; however, the AMFCF shelf is ~50 cm below the water surface, somewhat
deeper than modern-day Devils Hole, consistent with historic (pre-pumping) water levels. Water
in the AMFCF refuge tank is derived alternately from two dedicated production wells: Well P-1
(~73 m deep) and Well P-9 (~60 m deep), both located <10 m from the AMFCF refuge tank. The
wells are cased with PVC and screened within alluvium, accessing the same regional aquifer that
supplies Devils Hole. With the exception of higher temperature (~40°C) and lower bioavailable
nitrogen concentrations (Table 2.1), the wells possess physicochemistry similar to that of Devils
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Hole water. Water quality parameters in the AMFCF tank (pH, dissolved oxygen, temperature,
and flow rate) are continuously monitored and controlled using specialized hardware and
software. During routine operation, raw well water is added to an aeration tank at a rate of 10-30
L/min, where it cools and is mixed with recirculated refuge water prior to being delivered to the
refuge tank. Water in the refuge tank is continuously recirculated (150-280 L/min) within the
system, during which it undergoes particulate and biological filtration, continued temperature
adjustment, and UV disinfection prior to mixing with raw well water in the aeration tank.
Ambient air temperature and light are controlled manually by opening or closing louvers in the
AMFCF enclosure building roof. The AMFCF has the same directional orientation as Devils
Hole and light data from Devils Hole are used by AMFCF managers to simulate the duration of
direct light in AMFCF by adjusting the louvers seasonally, although the photoperiod at AMFCF
is lengthened compared to Devils Hole due to a glass garage door on the southwest wall of the
refuge tank enclosure.

Sample collection and water physicochemistry
Sampling at Devils Hole was conducted under US National Park Service (NPS) permit
DEVA-2009-SCI-005 and at AMFCF under US Fish and Wildlife Service (USFWS) permit
84550-15-03, both issued to D.P.M. Both sites were sampled on 11-September, 2015. During the
hours of sampling (11:00-13:00 UTC-8 at Devils Hole and 15:00-17:00 UTC-8 at AMFCF),
Devils Hole received only indirect sunlight, whereas AMFCF received direct sunlight. Water
physical parameters (temperature, pH, conductivity, total dissolved solids [TDS], salinity, and
dissolved oxygen [DO]) were measured via model 6920-V2 sondes (Yellow Springs Instruments,
Yellow Springs, OH), deployed in the water overlying the shallow shelf and deep pool of Devils
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Hole and AMFCF or via flow cell for Well P-9, the well in use at the time of sample collection.
Meteoric conditions during sampling were typical of the season at this location, characterized by
calm winds, clear skies, and an air temperature of 30C to 40C. Water samples were collected
via peristaltic pumps (GeoPump II, Geotech, Denver, CO) and autoclaved, platinum-cured
silicone tubing (Masterflex LS-14) flushed with 2 L of sample prior to collection. Shelf water
samples were collocated with sonde deployments at ~20 cm below water surface; whereas, pool
samples (also ~20 cm below surface) were not. Samples from Well P-9 were collected by
attaching sterile tubing directly to a dedicated sampling port at the wellhead. At each site,
unfiltered water was collected for aqueous chemical analysis (total organic carbon [TOC],
alkalinity measurements) and microbial cell counts (Petroff-Hausser counting chamber). Filtrate
from 0.22 µm Sterivex polyethersulfone filters (EMD Millipore, Darmstadt, Germany) was
collected for dissolved aqueous chemistry analysis (dissolved organic carbon [DOC], cations,
anions, nutrients, metals, and trace elements) after passage of 1 L to flush the sampling lines.
Microbial biomass from ~8-10 L of water (Devils Hole pool and shelf, AMFCF pool and shelf,
and Well P-9) was concentrated onto 0.22 µm Sterivex polyethersulfone filters and eight surface
sediment slurries, accounting for the top ~2 cm of sediment, were collected from each of the
shelves using a plastic turkey baster (provided by the National Park Service) for prokaryotic
community analysis. These samples were checked for the presence of fish embryos, of which
none were found, transferred to sterile 50 mL polypropylene conical centrifuge tubes, and placed
on dry ice.
Samples for nitrogen and phosphorus analysis were preserved by addition of 2 mL of
25% H2SO4. TOC and DOC samples were collected in acid-washed, combusted amber glass
vials and preserved with 6M HCl to a pH of ~2. Aqueous chemistry samples were stored on ice
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after collection and during transport. Water samples were shipped to the Desert Research
Institute Water Analysis Laboratory (Reno, NV) for dissolved ammonia, nitrate, nitrite, and
phosphate analysis (Methods SM 4500-NH3-H, SM 4500-NO3-F, and SM 4500-PE (Greenberg,
1992)); to Anatek Labs (Moscow, ID) for TOC and DOC analysis (Method SM 5310-B
(Greenberg, 1992)); and to ACZ Laboratories (Steamboat Springs, CO) for alkalinity and
dissolved ion analysis (Methods SM 2320-B, SM 4500Cl-E (Greenberg, 1992), EPA 200.7, EPA
200.8, and EPA 300.0).

DNA extraction, library preparation, and 16S rRNA gene sequencing
Total genomic DNA was isolated from one 0.22 μm Sterivex filter per location and
sediment slurries (300 μL) using MoBio PowerSoil DNA Isolation Kits (MoBio, Carlsbad, CA)
following manufacturer’s instructions, with the addition of a freeze-thaw step prior to beadbeating (30 min at -80°C, 10 min at 65°C). Library preparation and Illumina sequencing were
performed at the WestCore DNA Core Facility (Black Hills State University, Spearfish, SD).
DNA was quantified using a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA), and up to
15 ng was used to prepare sequencing libraries according to the Illumina 16S Metagenomic
Sequencing Protocol 15044223 Revision B (Illumina, San Diego, CA). Library preparation was
carried out via PCR using modified primer sequences targeting the V4 hypervariable region of
the 16S rRNA gene found in Prokaryotes (F515 [5’-GTGYCAGCMGCCGCGGTAA-3’] and
806R [5’-GGACTACHVGGGTWTCTAAT-3’] (Hou et al., 2013)). Amplified libraries were
barcoded using the Illumina Nextera XT Index Kit. Final libraries were quantified, normalized,
and pooled. The final library pool was then size-selected and gel-purified (2% low-melting-point
agarose), and sequenced in one Illumina MiSeq instrument run using the 2x250 MiSeq Reagent
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Kit v2. The raw 16S rRNA gene sequences were deposited in the European Nucleotide Archive
under project accession number PRJEB24636.

Prokaryotic community analysis
Sequencing reads were demultiplexed on Illumina BaseSpace using MSR V2.4 software.
The remaining analyses were conducted in QIIME 1.9.1 (Caporaso et al., 2010b). In total,
1,361,167 paired-end reads were generated (Table S2.1). Paired-end reads were merged
according to the fastq-join method (Aronesty, 2011) using default parameters. Merged reads
containing ambiguous (‘N’ characters) and low-quality base calls (Phred score <30) were
removed. Chimeric sequences were identified with the usearch61 algorithm (Edgar, 2010) and
removed. Operational taxonomic units (OTUs) were generated from the 1,006,989 high-quality
nonchimeric sequences, based on 97% sequence similarity, and taxonomy assignments made
with a subsampled open-reference OTU-picking strategy using usearch61 and uclust (Edgar,
2010) against the Greengenes 13_8 database (McDonald et al., 2012; Rideout et al., 2014).
OTUs supported by less than 0.005% of all sequences (50 sequences per OTU) were removed. A
phylogenetic neighbor-joining tree (Price et al., 2010), based on PyNAST-aligned OTU
sequences (Caporaso et al., 2010a), was generated and used for alpha and beta diversity metrics.
Lastly, the OTU table was rarefied to a depth of 10,000 sequences per sample to account for
differences in sequencing depth. Alpha diversity metrics (observed OTU richness, Chao1
estimated richness, Faith’s Phylogenetic Diversity index, and Shannon’s index) and pairwise
Bray-Curtis and UniFrac (Lozupone et al., 2011) distances between samples were calculated
from 100 rarefied OTU tables.
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Statistical analyses
Statistical analyses were conducted with R (R Core Team, 2014). A two-tailed Student’s
t-test was conducted to identify significant differences in planktonic cell concentrations between
Devils Hole, AMFCF, and Well P-9. Principal component analysis and analysis of similarity
tests (ANOSIM) of weighted and unweighted UniFrac distances and Bray-Curtis distances were
conducted using vegan (Oksanen et al., 2015). Clustering of prokaryotic communities was
evaluated by constructing a dendrogram based on unweighted pair group method with arithmetic
mean (UPGMA)-clustering of weighted and unweighted UniFrac distances. Node support values
were calculated from 100 rarefied OTU tables of 10,000 sequences per sample. Similarity
percentage (SIMPER) analysis, based on Bray-Curtis dissimilarity, was performed to identify
OTUs responsible for differences between groups of samples.

RESULTS
Environmental chemistry
Physicochemical conditions, summarized in Tables 2.1 and S2.1, were measured on both
the shelf and pool at each site and were internally consistent between locations on the day of
sampling. Water temperatures were higher in Devils Hole (33.55 and 33.50°C, pool vs. shelf)
than in AMFCF (30.35 and 30.78°C, pool vs. shelf) (Tables 2.1 & S2.1), and higher still in Well
P-9 (38.4°C). pH measurements averaged 7.28 in Devils Hole, 7.74 in AMFCF, and 7.58 in Well
P-9. Conductivity was relatively low and consistent across all five sampling sites (640 - 868 μS
cm-1). Average dissolved oxygen concentrations were 2.6 mg L-1 in Devils Hole (36.5%
saturation), 5.3 mg L-1 in AMFCF (78.1% saturation), and 3.9 mg L-1 (59.5% saturation) in Well
P-9 at the time of sampling. Consistent with a shared carbonate-buffered aquifer source for
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Devils Hole and AMFCF, major ions and alkalinity values were equivalent to within a few
percent across the dataset. Alkalinity values ranged from 229 mg L-1 in AMFCF to 265 mg L-1 in
Devils Hole, and all water samples where characterized by sulfate > sodium > calcium >
magnesium/chloride. Dissolved organic carbon concentrations were low (0.127, 0.128, and 0.231
mg L-1 in Devils Hole, Well P-9, and AMFCF, respectively). Bioavailable nitrogen
concentrations (primarily dissolved nitrate) were very low in AMFCF and Well P-9 (0.022 and
0.041 mg L-1) compared to Devils Hole; which, while also low, were greater by nearly an order
of magnitude (0.143 and 0.138 mg L-1, pool and shelf). Nitrite (<0.002 mg L-1), ammonia (0.0030.004 mg L-1), and phosphorus (0.003-0.004 mg L-1) concentrations were very low, approaching
detection limits, in all samples. Correspondingly, N:P molar ratios for the Devils Hole shelf,
Devils Hole pool, AMFCF shelf, AMFCF pool, and Well P-9 were 105:1, 108:1, 19:1, 19:1, and
24:1, respectively. Devils Hole, AMFCF, and Well P-9 had remarkably similar dissolved metal
concentrations overall (Tables 2.1 and S2.1). However, dissolved arsenic in Devils Hole (0.125
mg L-1) was nearly an order of magnitude higher than all AMFCF-associated sites. Conversely,
the concentration of silica in Devils Hole (23.7 mg L-1) was lower than in AMFCF and Well P-9
(33.9 and 34.1 mg L-1).
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Table 2.1. Major physicochemical characteristics of waters from Devils Hole (DH), Ash
Meadows Fish Conservation Facility (AMFCF), and Well P-9.
DH Pool
Physical Measurements
Temp. (°C)
33.55
pH
7.22
Conductivity (μS/cm)
716
DO (mg/L) [% sat.]
2.53 [35.7%]
Salinity (ppt)
n.a.
TDS (g/L)
n.a.
Alkalinity: Bicarb as CaCO3 (mg/L)
265
Total Organic Carbon (mg/L)
0.141
Dissolved Organic Carbon (mg/L)
0.127
Dissolved Ions (mg/L)
Cl
22.8
SO4
89.9
As
0.125
Ca
52.3
Mg
21.5
K
7.9
SiO2
23.7
Na
69.1
Dissolved Nutrients (mg/L)
N as NO3
0.143
N as NO2
<0.002
N as NH3
0.004
P as O-PO4
0.003
n.a. – Not applicable, sample not collected.

DH Shelf

Sample
AMFCF Pool

AMFCF Shelf

Well P-9

33.50
7.33
700
2.64 [37.3%]
n.a.
n.a.
n.a.
n.a.
n.a.

30.35
7.71
640
5.02 [73.2%]
0.33
0.400
229
0.209
0.231

30.78
7.77
641
5.64 [82.9%]
0.33
0.400
n.a.
n.a.
n.a.

38.42
7.58
868
3.90 [59.5%]
0.33
0.449
238
0.167
0.128

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

20.1
76.6
0.0188
42.7
18.6
9.8
33.9
69.5

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

20.0
77.5
0.0147
45.6
18.8
9.6
34.1
69.3

0.138
<0.002
0.004
0.003

0.022
<0.002
0.004
0.003

0.022
<0.002
0.004
0.003

0.041
<0.002
0.003
0.004

Prokaryotic diversity and community structure
Planktonic microbial density was low in all samples from Devils Hole and AMFCF,
averaging 7.9E+4 to 9.2E+4 cells mL-1, with no pattern between sites, and was significantly
higher (1.79E+5 cells mL-1, p≤0.0012, Student’s t-test) in Well P-9 (Table S2.3). In total, 2,039
operational taxonomic units (OTUs) were identified at 97% sequence similarity from the
862,307 quality-filtered sequences generated from the twenty-one samples that comprised this
study (S1 Appendix). The two most abundant OTUs, an unclassified cyanobacterium (OTU_500,
affiliated with the genus Oscillatoria) and an unclassified bacterium in the Verrucomicrobiaceae
family of Verrucomicrobia (OTU_1850), accounted for 4.8% and 4.7% of all sequences. The
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Cyanobacteria OTU was most abundant in Devils Hole water and sediment samples (13.2%
mean relative abundance), and nearly completely absent (<0.01%) from AMFCF and Well P-9
samples. Conversely, the Verrucomicrobiaceae OTU was found in high abundances in AMFCF
water samples (31.7% mean relative abundance), but was present only at low abundances
(≤2.4%) in all Devils Hole samples and AMFCF sediments, and was completely absent from
Well P-9.
Devils Hole and AMFCF host diverse prokaryotic communities (Figure 2.2), with 44
bacterial and archaeal phyla detected, including 23 candidate divisions. Devils Hole planktonic
samples were dominated by Cyanobacteria (37.7% mean relative abundance), with
Plantomycetes (14.5%), Gammaproteobacteria (9.3%), unassigned taxa (8.7%), Verrucomicrobia
(5.5%), and Alphaproteobacteria (5.0%) accounting for large proportions of community
structure. Devils Hole sediment communities were dominated by Cyanobacteria (23.6%),
unassigned taxa (11.9%), Bacteroidetes (10.2%), Chloroflexi (9.9%), Deltaproteobacteria
(6.8%), Alphaproteobacteria (6.3%), Gammaproteobacteria (5.5%), Verrucomicrobia (5.3%),
and Chlorobi (5.1%). AMFCF planktonic communities were dominated by Verrucomicrobia
(38.7%), Alphaproteobacteria (25.5%), Planctomycetes (11.8%), and Bacteroidetes (8.9%). In
contrast, AMFCF sediments were dominated by Deltaproteobacteria (11.3%), unassigned taxa
(10.1%), Planctomycetes (9.9%), Cyanobacteria (9.8%), Chloroflexi (8.0%), Betaproteobacteria
(7.7%), Alphaproteobacteria (7.6%), Bacteroidetes (7.2%), and Gammaproteobacteria (6.7%).
Well P-9 was dominated by Betaproteobacteria (19.5%), Nitrospirae (15.7%), unassigned taxa
(13.9%), Deltaproteobacteria (13.3%), and Alphaproteobacteria (9.0%). Across the entire
dataset, Bacteria far outnumbered Archaea, but this domain was present and accounted for
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<0.01-3.16% relative abundance in Devils Hole and AMFCF prokaryotic communities. Twentyone phyla were present at <1% relative abundance across all sites.

Figure 2.2. Prokaryotic community composition. Phylum-level taxonomic bar chart for
prokaryotic communities from Devils Hole (DH), Ash Meadows Fish Conservation Facility
(AMFCF), and Well P-9 constructed from the final unrarefied OTU table (Appendix S2.1).
Planktonic samples (“pool”, “shelf”, and “Well P-9”) and sediment samples (“Sed1-Sed16”),
each representing a discrete sample, are noted. The Proteobacteria were subdivided into classes.
Only microbial groups with abundances ≥ 1% are displayed. Groups with < 1% abundances are
included in aggregate as “Phyla < 1%.”
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Alpha diversity metrics (observed OTU richness, Chao1 estimated richness, Faith’s
Phylogenetic Diversity [Faith’s PD], and Shannon’s index) were calculated from 100
rarefactions of 10,000 sequences per sample (Table S2.4). The Devils Hole pool sample had
significantly higher alpha diversity values than all other planktonic samples (Devils Hole shelf,
AMFCF pool and shelf, and Well P-9) (p<0.0001 for all comparisons, Student’s t-test). The
AMFCF shelf sample was significantly more diverse than the AMFCF pool sample and the Well
P-9 sample (p<0.0001). Sediment samples, as site-specific groups, were more diverse than their
planktonic counterparts (p<0.0001). AMFCF sediments collectively were more diverse than DH
sediments (p<0.0001). The least diverse sample in the dataset was the Devils Hole shelf sample,
with an observed OTU richness of 101.5 ± 0.59 OTUs.
To evaluate the similarity between prokaryotic communities, particularly between Devils
Hole and AMFCF, pairwise unweighted UniFrac, weighted UniFrac, and Bray-Curtis distances
were calculated, UPGMA clustering was performed, and ordination diagrams were generated.
Principal component analysis of abundance-unweighted (Figure 2.3a) and abundance-weighted
(Figure 2.3b) UniFrac distances show the distribution of prokaryotic communities in the
statistical space formed by the first two components. Unweighted and weighted analyses showed
separation of communities based upon both sample location and substrate type (planktonic vs.
sediment). Abundance-unweighted and –weighted UPGMA clustering dendrograms (Figures
S2.1 and S2.2) validated these observations, with each cluster of samples supported by 100%
jackknife support, although the DH Shelf and DH Pool samples clustered independently in the
abundance-unweighted dendrogram. The Well P-9 sample clustered independently of all other
samples in both of the ordinations (Figure 2.3a and 2.3b) and dendrograms. In the abundanceweighted ordination and dendrogram (Figure 2.3b and Figure S2.2), Devils Hole planktonic
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samples formed their own distinct cluster and were more similar to all sediment samples than to
AMFCF planktonic samples. Sediment samples clustered in a site-specific manner.

Figure 2.3. Principal component analysis. Principal component analysis ordinations of A)
pairwise abundance-unweighted UniFrac distances and B) pairwise abundance-weighted UniFrac
distances for all samples show separation of samples by sample location and sample type
(planktonic vs. sediment). Individual samples are colored according to sample type (planktonic
vs. sediment: Devils Hole (DH) planktonic and sediment samples are shown as light blue and
dark blue squares, respectively; Ash Meadows Fish Conservation Facility (AMFCF) planktonic
and sediment samples are shown as yellow and red triangles, respectively; and the Well P-9
sample is shown as an asterisk.

Analysis of similarity (ANOSIM) tests were conducted to identify significant differences
in taxonomic similarity (Bray-Curtis distances), qualitative phylogenetic similarity (abundanceunweighted UniFrac distances), and quantitative phylogenetic similarity (abundance-weighted
UniFrac distances) between planktonic and sediment samples from Devils Hole and AMFCF
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(Table S2.5). Taxonomic and phylogenetic similarity differed significantly between sample sites
(p<0.01). Sediment samples were taxonomically and phylogenetically significantly different
between Devils Hole and AMFCF (p<0.05), whereas the planktonic samples between the two
sites were not significantly different.
SIMPER analysis was performed to identify the top five OTUs that contributed to the
dissimilarity between Devils Hole and AMFCF sediment and planktonic samples (Figure 2.4,
Table S2.6). Prokaryotic community dissimilarities (42.82% cumulative contribution) between
Devils Hole and AMFCF planktonic samples were driven by two unclassified Cyanobacteria
OTUs (OTU_502 and OTU_500), which were abundant in Devils Hole planktonic samples
(16.64% and 11.03% mean relative abundance) and undetected in AMFCF planktonic samples,
and an OTU in the Verrucomicrobiaceae family (OTU_1850), an OTU in the Hyphomonadaceae
family (OTU_1062), and an OTU in the Planctomyces genus (OTU_941), which were more
abundant in AMFCF planktonic samples (31.97%, 13.15%, and 9.99%, respectively) compared
to Devils Hole planktonic samples (1.21%, 0.01%, and undetected, respectively). Two phyla
were detected in Devils Hole planktonic samples but absent from AMFCF planktonic samples
(Fusobacteria and Gemmatimonadetes, both <1%). Conversely, six phyla were detected in low
abundances in AMFCF planktonic samples (Elusimicrobia, GOUTA4, OC31, OP11, OP3, and
SBR1093, all <1%) but were absent in Devils Hole planktonic samples.
Dissimilarities between Devils Hole and AMFCF sediment samples (15.16% cumulative
contribution) were attributed to an unclassified Cyanobacteria OTU (OTU_500), two unassigned
OTUs (OTU_2006 and OTU_2023), an OTU in the Chitinophagaceae family (OTU_162), and
an OTU in the PK329 order of Chlorobi (OTU_291), which were found in higher abundance in
Devils Hole sediments (13.81%, 4.21%, 3.11%, 2.29%, and 1.95%, respectively) compared to
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AMFCF sediments (0.0038%, 2.54%, 0.36%, 0.033%, and 0.12%, respectively). Three phyla
were detected in Devils Hole sediments at low abundances (Euryarchaeota, Caldithrix, and
FCPU426, all <0.5%) but were absent from AMFCF sediments. Conversely, the phylum OP11
was detected in a single AMFCF sediment sample but no other sediment samples from either
AMFCF or Devils Hole (<0.01%).
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Figure 2.4. Relative abundances (mean and SD) of the top 5 differentially abundant operational
taxonomic units identified by SIMPER analysis. Differentially abundant OTUs between A)
planktonic samples and B) sediment samples between Devils Hole and Ash Meadows Fish
Conservation Facility (AMFCF), along with OTU ID and taxonomy, are shown. Prefixes (p_, o_,
f_ and g_) denote phylum, order, family, and genus level OTU identities. See Table S2.6 for the
percent contribution of each OTU to the dissimilarity between each group of samples.

DISCUSSION
Organisms which depend upon isolated aquatic systems of closed basins represent a
unique ecosystem management challenge; whereby an entire species, being confined to a single
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location, is by definition acutely susceptible to extirpation by manmade or natural catastrophes
(Minckley and Deacon, 1968). Examples of species loss among desert fishes, including in and
around the spring system that is the focus of this work (Ash Meadows National Wildlife Refuge),
abound (Minckley and Deacon, 1968; Pister, 1990). In a number of cases, the establishment of
refuge populations of desert fishes has successfully forestalled the otherwise inevitable demise of
unique species (Williams, 1996). Of all endangered desert fishes, the Devils Hole pupfish is
probably the best known. Previous attempts to establish refuge populations of the Devils Hole
pupfish have failed for various reasons (Wilcox and Martin, 2006; Karam et al., 2012); but in
2013, a much more sophisticated example, the Ash Meadows Fish Conservation Facility, was
completed. In this study, to gain insights into the degree to which the AMFCF simulates the
Devils Hole ecosystem and to establish a baseline dataset against which to calibrate future
measurements, we evaluate the limnological status of Devils Hole and AMFCF in parallel with a
comprehensive examination of planktonic and benthic prokaryotic microbiology.

Water physicochemistry
While physical parameters in Devils Hole were consistent with those previously reported
for the site (Wilson and Blinn, 2007), water temperature and the concentrations of dissolved
oxygen, silica, and arsenic differed in the AMFCF when compared to those of Devils Hole.
Water temperature, for example, was ~3°C lower at AMFCF than at Devils Hole and dissolved
oxygen was roughly double (Table 2.1). It should be noted, however, that interpretations from
these data must be tempered by the fact that measurements represent a snapshot in time applied
to dynamic environments. Most significantly, at their respective times of sample collection
(11:00-13:00 UTC-8 at Devils Hole and 15:00-17:00 UTC-8 at AMFCF), Devils Hole was only
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indirectly lit whereas AMFCF was receiving direct sunlight. In both Devils Hole and AMFCF,
dissolved oxygen concentrations over the shallow shelves fluctuated in response to light-driven
diurnal effects and ranged from 2.54 mg L-1 during the majority of the day to 6.95 mg L-1 at
15:30 UTC-8 (35.8-98.4% saturation) in Devils Hole Shelf (S1 Appendix, Sheet 4), and from
4.83 mg L-1 to 6.46 mg L-1 at 17:30 UTC-8 (70.4-94.6% saturation) in AMFCF Shelf (S1
Appendix, Sheet 6). Dissolved oxygen concentrations did not fluctuate diurnally in the Devils
Hole and AMFCF pools (S1 Appendix, Sheet 5 and 7). Although differences in temperature and
dissolved oxygen are instituted intentionally to optimize Devils Hole pupfish recruitment and
survivorship, they are known to result in morphological changes to the fish (e.g. the development
of pelvic fins (Lema and Nevitt, 2006)) and could potentially lead to unanticipated genetic and
epigenetic effects over time. Arsenic concentrations were in exceedance of the 0.01 mg L-1
drinking water maximum contaminant level in all samples. The much higher concentration of
this element in Devils Hole water (0.125 mg L-1) compared to that of AMFCF (0.0188 mg L-1)
and Well P-9 (0.0147 mg L-1) is notable as arsenic is known to support bacterial energy
requirements through dissimilatory reduction and oxidation (Oremland et al., 2009), and has
been shown to fuel anoxygenic photosynthesis in Oscillatoria-like cyanobacteria (Kulp et al.,
2008). Collectively or individually, in addition to their potential influences on fish, such
physicochemical differences could alter prokaryotic community structure and function, thereby
influencing environmental chemistry and nutrient dynamics of the ecosystem.
Measured differences in dissolved nutrient and carbon content suggest that productivity
of the two sites is controlled differently. Although concentrations of nutrients were low in waters
from both sites, AMFCF was substantially lower in bioavailable nitrogen (primarily nitrate,
0.022 vs. 0.141 mg L-1) and enriched in dissolved organic carbon relative to Devils Hole (0.231
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vs. 0.127 mg L-1). Nitrate concentrations at Devils Hole (Table 2.1, 0.143 and 0.138 mg L-1, pool
and shelf) were consistent with historic data from the US Geological Survey 1984-1990 (n = 25,
x̄ = 0.14 mg L-1, SD 0.0176, (Feuerbacher et al., 2017b)), when the numbers of Devils Hole
pupfish were much higher (annual maxima ranging from ~400 – 575 individuals (Riggs and
Deacon, 2002) vs. 131 in the fall of 2015). N:P molar ratios in Devils Hole water were 105:1 and
108:1 (shelf and pool), and 19:1 for AMFCF (shelf and pool). Klausmeier and colleagues (2004)
have shown that optimal intracellular N:P ratios in phytoplankton are dictated by environmental
conditions and nutrient availability; however, N:P ratios in excess of 50:1 often indicate
phosphorus limitation (Geider and La Roche, 2002), expanding on the ‘optimal’ 106:16:1 C:N:P
ratio proposed for oceanic phytoplankton (Redfield, 1958). Consistent with these more recent
interpretations, at the time of sampling, Devils Hole clearly exhibited phosphorus limitation, as
has been previously reported (Shepard et al., 2000; Madinger et al., 2016). In marked contrast,
AMFCF exhibited N:P ratios indicative of neither nitrogen nor phosphorus limitation. Rather,
co-limitation likely results from the very low concentrations of both.
As the AMFCF has much lower bioavailable nitrogen concentrations than Devils Hole
(today and in decades past), further consideration of the source of nutrient inputs into these
ecosystems is warranted. It is known, for example, that allochthonous nutrient and fixed carbon
contributions from dry deposition, fecal pellets, and meteoric runoff are considerable at Devils
Hole, contributing an estimated 60% of the total energy available to the food web (Wilson and
Blinn, 2007). Conversely, all of these contributions are minimized at AMFCF due to its
disconnection from surface drainage and artificial enclosure. Allochthonous nutrient
contributions are thus potentially an overlooked component contributing to the inability of
AMFCF to replicate trophic control and biogeochemistry of Devils Hole. The striking
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divergence in limiting nutrient likely leads to corresponding differences in trophic structure and
control between the two sites; in all probability, both influenced by and reflected in
corresponding differences in prokaryotic community structure.

Prokaryotic community differences
Devils Hole and AMFCF are microbiologically diverse, with over 40 prokaryotic phyla
represented (Figure 2.2), more than half of which belong to candidate divisions (phylum-level
lineages of Bacteria and Archaea with no cultivated representatives), which accounted for 1.926.7% (including unassigned OTUs) of prokaryotic community structure (S1 Appendix Sheets 1
and 3). Although the majority of taxa detected belonged to the domain Bacteria, Archaea
accounted for <0.01-3.16% of all prokaryotic communities, of which almost all were
representatives of the Cenarchaeales order of Thaumarchaeota, which have been previously
reported as dominant archaeal community members from nearby springs of the Ash Meadows
National Wildlife Refuge (Thomas et al., 2013). This remarkable prokaryotic biodiversity may
exceed that from the Cuatro Cienegas Basin, an oligotrophic spring system in the Chihuahuan
Desert; where 10 bacterial phyla were detected in 16S rRNA gene clone libraries, a result that
was used to support the authors’ characterization of the site as an "endangered oasis of aquatic
microbial biodiversity” (Souza et al., 2006).
In this dataset, despite similarities in the number and identity of the phyla represented,
planktonic prokaryotic communities of AMFCF were dominated by different microbial taxa than
Devils Hole. Unweighted UniFrac analysis, a statistical consideration of presence/absence of
organisms, indicated that prokaryotic communities in Devils Hole and AMFCF were distinct and
composed of different taxa (Figure 2.3). Weighted UniFrac analysis, which further incorporates
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the abundance of organisms, revealed similar patterns, indicating that a subset of community
members in each ecosystem were differentially abundant among the two sites. Although not
significantly different (Table S2.5, likely due to a low sample number), planktonic prokaryotic
communities from Devils Hole and AMFCF samples were composed of distinct taxa.
Conversely, ANOSIM results indicated that sediment communities from Devils Hole and
AMFCF were significantly different. Devils Hole planktonic prokaryotic communities were
dominated by two unclassified OTUs of Cyanobacteria (OTU_502 and OTU_500), each of
which had 99% sequence identity to 16S rRNA gene sequences previously detected from Devils
Hole (GenBank Accession Number KC358607) and 97% sequence similarity to Oscillatoria
duplisecta type strain ETS-06 (GenBank Accession Number AM398647) isolated from
Euganean thermal spring muds in Italy (Isabella et al., 2007). These abundant taxa (16.64% and
11.03% mean relative abundance) were virtually absent in AMFCF planktonic and sediment
samples (Figure 2.4), even though Cyanobacteria comprised 5-20% of AMFCF sediment
communities. In Devils Hole sediments, cyanobacterial OTU_500 was abundant (15.16%) but
OTU_502 was virtually absent. Cyanobacteria, a primary food source in summer for the Devils
Hole pupfish, are responsible for much of the primary production in Devils Hole and contribute
an estimated 15.8 J mg-1 of energy to the food web (Wilson and Blinn, 2007; Bernot and Wilson,
2012). Oscillatoria, a genus of filamentous Cyanobacteria capable of fixing nitrogen
autotrophically and photoheterotrophically without producing heterocysts (Gallon et al., 1991;
Bergman et al., 1997), have been previously reported in high abundances at Devils Hole
(Shepard et al., 2000; Madinger et al., 2016). In contrast to reports of robust seasonal
cyanobacterial mats from all three of the historic refuges, often dominated by Oscillatoria spp.
(Wales, 1930), the very low abundance (~1%) of Cyanobacteria in our summer AMFCF
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planktonic samples is perplexing. However, since the AMFCF refuge tank receives 10-30 L/min
of raw water from Well P-9, of which Cyanobacteria only account for 0.94% of the community,
and since water in the AMFCF refuge tank is constantly recirculated, filtered, and UV
disinfected, it is possible that Cyanobacteria are unable to become established members of the
AMFCF planktonic community. It is also conceivable that populations of photosynthetic primary
producers in AMFCF were dominated by algae and diatoms; which being eukaryotes, would
have likely been missed in our 16S rRNA gene surveys. Possibly consistent with this scenario,
silica was higher in AMFCF than in Devils Hole (33.9 mg L-1 vs. 23.7 mg L-1). However, the
similarity in silica concentrations between AMFCF and its water supply well (Well P-9, 33.9 vs.
34.1 mg L-1) supports little if any loss resulting from diatom growth.
During blooms, cyanobacteria will incorporate fewer nitrogen atoms per phosphorus
atom, reducing their N:P ratios (Rejmánková et al., 2011). If this were the case, one might expect
that cyanobacteria would be abundant in AMFCF; however, the concentration of nitrate and
phosphorus may be too low to allow for cyanobacterial establishment and proliferation.
Although ecological controls over nitrogen fixation remain poorly understood, low bioavailable
phosphorus and trace metal concentrations have been implicated as controls over nitrogen
fixation in oligotrophic environments (Vitousek et al., 2002). In oligotrophic Patagonian lakes,
nitrogen fixation was essentially nonexistent when dissolved phosphorus concentrations fell
below 8 μg L-1 (Diaz et al., 2007). In the eastern tropical North Atlantic, nutrient addition
bioassay experiments showed that nitrogen fixation was stimulated upon addition of
allochthonous material (dust), which provided a source of phosphorus and iron (Mills et al.,
2004). Since dissolved phosphorus concentrations were 3 μg L-1 in all of the samples from this
study, this could explain the lack of nitrogen-fixing cyanobacterial populations in AMFCF
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despite its lower bioavailable nitrogen concentration. Despite low nutrient concentrations in
Devils Hole, cyanobacterial standing stocks (and hence nitrogen fixation capacity) are likely to
be periodically stimulated by allochthonous inputs of fixed carbon and nutrients during meteoric
events (Wilson and Blinn, 2007). Conversely, allochthonous inputs are consistently much lower
at AMFCF owing to the lack of opportunity for run-off to reach the refuge pool; a situation
which may serve to discourage the proliferation of cyanobacterial populations and inadvertently
select for the persistence of strongly oligotrophic organisms.
Planktonic prokaryotic communities from AMFCF were dominated by an OTU in the
Verrucomicrobiaceae family of Verrucomicrobia (OTU_1850), an OTU in the
Hyphomonadaceae family of Alphaproteobacteria (OTU_1062), and an OTU in the
Planctomyces genus of Planctomycetes (OTU_941). These OTUs were comparatively rare in
Devils Hole and AMFCF sediments (<0.1%) and Devils Hole planktonic samples (<2%) (Figure
2.4). The Verrucomicrobia, common inhabitants of both eutrophic and oligotrophic terrestrial
and marine environments, are metabolically flexible and have the highest genomic frequency of
polysaccharide hydrolases of any bacterial phylum (Ward-Rainey et al., 1995; Martinez-Garcia
et al., 2012; Balmonte et al., 2016), which may confer a selective advantage in oligotrophic
environments. The Hyphomonadaceae contain chemoorganotrophic organisms, some of which
are also denitrifiers (Lee et al., 2005). Becerra-Castro et al. (2016) have shown that
Proteobacteria increased in relative abundance following UV disinfection of secondarily treated
wastewater, which indicates that these organisms may be particularly resistant to UV disinfection
or respond favorably to chemical changes to refractory organic carbon. The persistence of
Proteobacteria following UV exposure may explain the high proportion of Alphaproteobacteria
in AMFCF planktonic samples compared to Devils Hole and Well P-9 planktonic samples. The
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Planctomyces, which lack peptidoglycan and reproduce by budding (Ward et al., 2006), are
common inhabitants of eutrophic habitats and their abundance tends to co-occur with
cyanobacterial or diatom blooms (Morris et al., 2006; Ward et al., 2006). The abundance of
Planctomyces in AMFCF, an oligotrophic environment, may suggest linkages to recent
cyanobacterial or diatom productivity. Given the low concentrations of dissolved nitrogen and
phosphate in AMFCF, these environmental conditions may have selected for strongly
oligotrophic organisms, such as the Verrucomicrobiaceae and Hyphomonadaceae.
The dissimilarities in prokaryotic community composition and diversity between Devils
Hole and AMFCF could result from discrepancies in the natural inoculation pathways and
exposure times between systems. It has been proposed that Devils Hole first opened to the
atmosphere ~60,000 years before present (Winograd et al., 1992; Plummer et al., 2000).
Therefore, since that time, Devils Hole has been susceptible to microbial introduction not only
from deeply sourced groundwater, but also from airborne deposition and meteoric runoff.
Conversely, in AMFCF, even though efforts have been made to inoculate the facility with algae,
invertebrates, and plankton from Devils Hole since it’s initiation in 2013, the fact that AMFCF
refuge receives 10-30 L/min of raw water from Well P-9, and that water in the AMFCF refuge
tank is constantly recirculated, filtered, and UV disinfected (150-280 L/min), opportunities for
microbial colonization have been more limited. This is especially true when one considers the
degree to which the AMFCF tank is isolated from runoff and atmospheric exposure due to its
location within a partially enclosed shed. Finally, being considerably younger than Devils Hole
and only recently stocked with fish, the microbial ecosystem in the AMFCF may simply
represent an earlier successional stage and, over time, a gradual shift to one more closely
resembling that of Devils Hole may still occur.
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Implications for mesocosm design and management
As natural and anthropogenic threats to endangered species persist and increase, resulting
in the reduction or destruction of critical habitat, captive propagation is becoming an increasingly
important conservation strategy (Brown and Day, 2002; Day et al., 2017). While
physicochemical conditions (e.g. pH, temperature, dissolved oxygen, basic chemistries) of these
mesocosms/refuges are maintained to simulate the organism’s natural environment (Rakes et al.,
1999; Feuerbacher et al., 2016), little attention is currently given to nutrient dynamics or lower
trophic support. Here we have shown that AMFCF failed to replicate the dissolved nutrient
chemistry and prokaryotic community structure of Devils Hole, despite efforts to simulate the
physicochemical parameters of Devils Hole. Correspondingly, we propose that these factors may
contribute to low annual Devils Hole pupfish recruitment observed at AMFCF. The importance
of mimicking environmental conditions from endangered species habitat in mesocosms and
artificial refuges remains incompletely understood; and in the absence of studies which explore
microbiology and dissolved nutrient dynamics, critical time may be lost. Although more work is
needed at Devils Hole and elsewhere to address these questions, the results of this study indicate
that a predictive understanding of interactions between life at the base of the food web and
nutrient chemistry would improve mesocosm design and management strategies at existing
facilities for the stewardship of endangered species.

CONCLUSION
To establish refuge populations of the Devils Hole pupfish, it is crucial to replicate
environmental conditions that promote the growth of primary producers, such as Cyanobacteria,
which in turn should promote the growth of the fish at all stages of life. We have shown that,
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while AMFCF does approximate the natural habitat of the Devils Hole pupfish in size and
topography, significant differences exist in physicochemical variables and inoculation pathways:
differences which may limit cyanobacterial growth, a prominent food source for the Devils Hole
pupfish. Additionally, prokaryotic community structure differed substantially between Devils
Hole and the AMFCF, with Cyanobacteria dominating in Devils Hole and a single OTU from the
Verrucomicrobiaceae dominating in the AMFCF. We infer that the prevention of allochthonous
nutrient input and microbial inocula from runoff and terrestrial sources at AMFCF, due to
engineering controls, is a plausible explanation for the divergence in prokaryotic communities
and nutrient status between AMFCF and Devils Hole. Given the consistency in bioavailable
nitrogen concentrations over time in Devils Hole, and the fact that bioavailable nitrogen
concentrations are much lower in the AMFCF, it seems reasonable that current nutrient
chemistry of Devils Hole can justifiably serve as a guide for that of AMFCF. This result also
suggests that modest nutrient amendment at the AMFCF to restore bioavailable nitrogen and
nutrient stoichiometry to Devils Hole values may have merit as a management strategy. Longterm microbiological and nutrient monitoring/management of AMFCF, and consideration of
allochthonous deposition of carbon and nutrients, would allow for the elucidation of
environmental controls and facilitate informed stewardship of this endangered fish.
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CHAPTER 2 SUPPLEMENTARY MATERIAL

Figure S2.1. Unweighted Pair Group with Arithmetic Mean (UPGMA)-cluster tree of pairwise
unweighted UniFrac distances. Node support symbols: square = 100%, circle = 90-99%, triangle
= 80-89%. DH – Devils Hole, AMFCF – Ash Meadows Fish Conservation Facility.
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Figure S2.2. Unweighted Pair Group with Arithmetic Mean (UPGMA)-cluster tree of pairwise
weighted UniFrac distances. Node support symbols: square = 100%, circle = 90-99%. DH –
Devils Hole, AMFCF – Ash Meadows Fish Conservation Facility.
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Table S2.1. Sequencing statistics for 16S rRNA gene libraries.
1

2
2
Total Raw
Quality- and
Filtered Read
3
Paired-End
ChimeraLength (bp)
Final Read
Reads
Filtered Reads
Mean (SD)
Count
DH Pool
34,038
21,317
291.8 (3.4)
14,391
DH Shelf
66,968
53,114
291.4 (6.4)
35,155
DH Sed1
26,163
20,539
291.4 (6.4)
18,935
DH Sed2
47,442
32,482
291.5 (6.4)
26,662
DH Sed3
68,227
51,002
291.4 (6.5)
46,190
DH Sed4
91,989
66,891
291.5 (5.9)
58,044
DH Sed5
31,913
22,224
290.6 (9.5)
16,996
DH Sed6
74,796
54,610
291.2 (6.9)
49,477
DH Sed7
54,458
41,456
291.3 (7.2)
37,049
DH Sed8
105,090
75,018
291.3 (7.0)
67,131
AMFCF Pool
93,723
69,524
291.2 (5.9)
62,737
AMFCF Shelf
92,390
72,234
291.5 (5.3)
63,628
AMFCF Sed9
43,556
33,264
291.3 (7.5)
28,819
AMFCF Sed10
50,274
36,122
291.6 (6.1)
31,982
AMFCF Sed11
89,723
68,174
290.6 (9.2)
60,462
AMFCF Sed12
96,276
70,075
291.3 (7.6)
61,904
AMFCF Sed13
30,006
21,764
291.2 (7.5)
18,854
AMFCF Sed14
72,206
54,377
291.4 (7.5)
48,180
AMFCF Sed15
76,588
58,136
291.7 (6.4)
48,763
AMFCF Sed16
74,648
56,279
291.4 (6.7)
49,572
Well P-9
40,663
28,387
291.2 (7.7)
17,376
1
Calculated prior to paired-end joining
2
Calculated after paired-end joining, quality filtering, and chimera removal
3
Calculated after paired-end joining, quality filtering, chimera removal, and abundancebased OTU filtering
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Table S2.2. Full physicochemical characteristics of waters from Devils Hole (DH), Ash
Meadows Fish Conservation Facility (AMFCF), and Well P-9.
Physical Measurements
Temp. (°C)
pH
Conductivity (μS/cm)
DO (mg/L) [% sat.]
Salinity (ppt)
TDS (g/L)
Hardness as CaCO3 (mg/L)
Alkalinity: Bicarb as CaCO3 (mg/L)
Alkalinity: Carbonate as CaCO3 (mg/L)
Alkalinity: Hydroxide as CaCO3 (mg/L)
Total Organic Carbon (mg/L)
Dissolved Organic Carbon (mg/L)
Dissolved Ions (mg/L)
Cl
SO4
Al
Sb
As
Ba
Be
B
Cd
Ca
Cs
Cr
Co
Cu
Fe
Pb
Mg
Mn
Mo
Ni
K
Sc
Se
SiO2
Ag
Na
Te
Tl
Th
Sn
U
V
Zn
Cation-Anion Balance
Sum of Anions (meq/L)
Sum of Cations (meq/L)
Dissolved Nutrients (mg/L)
N as NO3
N as NO2
N as NH3
P as O-PO4
n.a. – Not applicable, sample not collected.

DH Pool

DH Shelf

Sample
AMFCF Pool

AMFCF Shelf

Well P-9

33.55
7.22
716
2.53 [35.7%]
n.a.
n.a.
219
265
<2
<2
0.141
0.127

33.50
7.33
700
2.64 [37.3%]
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

30.35
7.71
640
5.02 [73.2%]
0.33
0.400
183
229
<2
<2
0.209
0.231

30.78
7.77
641
5.64 [82.9%]
0.33
0.400
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

38.42
7.58
868
3.90 [59.5%]
0.33
0.449
191
238
<2
<2
0.167
0.128

22.8
89.9
<0.001
<0.0004
0.125
0.0733
0.00005
0.32
0.0001
52.3
0.003
<0.0005
0.00013
<0.0005
<0.02
0.0001
21.5
<0.0005
0.006
<0.0006
7.9
0.0001
0.0004
23.7
<0.00005
69.1
<0.001
0.0002
<0.001
<0.0001
0.0031
0.0011
<0.002
-1.30%
7.8
7.6

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

20.1
76.6
0.005
<0.0004
0.0188
0.0713
<0.00005
0.33
<0.0001
42.7
0.0048
<0.0005
0.0001
<0.0005
<0.02
<0.0001
18.6
<0.0005
0.0083
0.001
9.8
0.0001
0.0002
33.9
<0.00005
69.5
<0.001
0.0002
<0.001
<0.0001
0.0014
0.0014
<0.002
0.70%
6.9
7.0

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

20.0
77.5
<0.001
<0.0004
0.0147
0.0728
<0.00005
0.33
<0.0001
45.6
0.0047
<0.0005
0.00009
<0.0005
<0.02
<0.0001
18.8
0.0009
0.008
<0.0006
9.6
0.0001
0.0003
34.1
<0.00005
69.3
<0.001
0.0002
<0.001
<0.0001
0.0014
0.0011
<0.002
0.70%
7.0
7.1

0.143
<0.002
0.004
0.003

0.138
<0.002
0.004
0.003

0.022
<0.002
0.004
0.003

0.022
<0.002
0.004
0.003

0.041
<0.002
0.003
0.004
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Table S2.3. Cell counts (cells/mL) for planktonic samples collected at Devils Hole (DH), Ash
Meadows Fish Conservation Facility (AMFCF), and Well P-9.
Replicate
1
2
3
Mean (SD)

DH Pool
62,500
75,000
100,000

DH Shelf
66,667
87,500
87,500

Sample
AMFCF Pool
104,167
83,333
87,500

AMFCF Shelf
75,000
91,667
75,000

Well P-9
183,333
162,500
191,667

79,167 (19,094)

80,555 (12,028)

91,667 (11,024)

80,556 (9,623)

179,167 (15,023)

Table S2.4. Alpha diversity metrics for Devils Hole (DH), Ash Meadows Fish Conservation
Facility (AMFCF), and Well P-9.
Alpha Diversity Metric
OTU Richness
Chao1
Faith's PD
Shannon Index
Pool
659.29 (8.50)
941.91 (43.26)
54.99 (0.72)
5.97 (0.02)
Shelf
101.50 (0.59)
101.55 (0.74)
14.96 (0.00)
4.56 (0.02)
Sed1
614.48 (6.74)
747.93 (24.68)
45.46 (0.68)
5.73 (0.02)
Sed2
774.79 (8.58)
949.32 (32.97)
56.10 (0.64)
7.90 (0.02)
Sed3
651.04 (8.80)
797.64 (29.24)
47.85 (0.74)
6.50 (0.03)
Devils Hole
Sed4
885.77 (9.92)
1046.08 (31.31) 59.94 (0.81)
8.07 (0.02)
Sed5
756.57 (7.02)
904.22 (27.58)
54.75 (0.60)
7.51 (0.02)
Sed6
707.73 (9.19)
868.93 (27.74)
52.00 (0.67)
7.01 (0.02)
Sed7
782.21 (9.26)
966.29 (31.22)
55.57 (0.78)
6.87 (0.03)
Sed8
828.48 (10.74)
1004.23 (31.10) 57.00 (1.02)
7.69 (0.03)
Pool
333.80 (9.61)
493.91 (44.51)
34.62 (1.05)
4.16 (0.03)
Shelf
431.80 (10.06)
622.90 (46.10)
42.41 (0.99)
4.96 (0.03)
Sed9
811.80 (8.35)
964.29 (31.45)
60.54 (0.66)
7.85 (0.02)
Sed10
863.58 (10.33)
1023.84 (28.55) 62.92 (0.77)
8.31 (0.02)
Sed11
756.22 (10.21)
918.56 (35.71)
58.20 (0.75)
7.74 (0.02)
AMFCF
Sed12
752.87 (9.15)
912.48 (29.92)
58.58 (0.74)
7.89 (0.02)
Sed13
888.54 (8.97)
1036.99 (27.57) 65.73 (0.69)
8.35 (0.02)
Sed14
935.73 (10.73)
1101.56 (32.30) 66.57 (0.77)
8.39 (0.02)
Sed15
705.72 (11.05)
833.90 (29.41)
52.55 (0.85)
7.87 (0.02)
Sed16
812.63 (9.90)
960.43 (27.54)
59.96 (0.78)
7.93 (0.02)
Well P-9
243.88 (3.54)
274.58 (14.20)
25.50 (0.35)
6.67 (0.01)
Indices are presented as Mean (SD) based on 100 rarefactions of 10,000 sequences per sample.
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Table S2.5. Results from Analysis of Similarity (ANOSIM) tests between planktonic
communities in Devils Hole and AMFCF and between sediment communities in Devils Hole
(DH) and AMFCF (Bray-Curtis, unweighted UniFrac, and weighted UniFrac dissimilarity
calculated from an OTU table rarefied to 10,000 sequences per sample).
1Planktonic

Samples: DH vs. AMFCF
2Sediment Samples: DH vs. AMFCF
124 permutations
2999 permutations

Bray-Curtis
R=0.25, p=0.333
R=0.8599, p=0.001

Unweighted UniFrac
R=0.5, p=0.333
R=1, p=0.001

Weighted UniFrac
R=1, p=0.333
R=0.8884, p=0.001

Table S2.6. SIMPER analysis showing the top 5 OTUs responsible for the Bray-Curtis
dissimilarity between planktonic communities in Devils Hole (DH) and AMFCF and between
sediment communities in DH and AMFCF. Mean abundances and contributions to dissimilarity
were calculated from an OTU table rarefied to 10,000 sequences per sample.
Planktonic Samples: Devils Hole vs AMFCF

OTU ID
OTU_1850
OTU_502
OTU_1062
OTU_500
OTU_941

Phylum
Verrucomicrobia
Cyanobacteria
Proteobacteria (α)
Cyanobacteria
Planctomycetes

Genus1
f_Verrucomicrobiaceae
unclassified genus
f_Hyphomonadaceae
unclassified genus
Planctomyces

Mean abund.
DH (%)
1.21
16.64
0.01
11.03
0

Mean abund.
AMFCF (%)
31.97
0
13.15
0
9.99

Contribution to
dissimilarity (%)
16.15
8.74
6.90
5.79
5.24

Cumulative
contribution to
dissimilarity (%)
16.15
24.89
31.79
37.58
42.82

Sediment Samples: Devils Hole vs AMFCF
Cumulative
Mean abund.
Mean abund.
Contribution to
contribution to
OTU ID
Phylum
Genus1
DH (%)
AMFCF (%)
dissimilarity (%)
dissimilarity (%)
OTU_500
Cyanobacteria
unclassified genus
13.81
0.0038
8.42
8.42
OTU_2006
Unassigned
unclassified genus
4.21
2.54
2.46
10.88
OTU_2023
Unassigned
unclassified genus
3.11
0.36
1.79
12.67
OTU_162
Bacteroidetes
f_Chitinophagaceae
2.29
0.033
1.37
14.04
OTU_291
Chlorobi
o_PK329
1.95
0.12
1.12
15.16
1
When genus was not the most specific taxonomy assignment for a particular OTU, the order (o_ prefix) or family (f_ prefix) is provided.

Appendix 2.1. Sheet 1: Unrarefied OTU table including OTU numbers, OTU sequences,
taxonomy, and OTU counts. Sheet 2: Rarefied OTU table including OTU numbers, OTU
sequences, taxonomy, and OTU counts (rarefaction depth: 10,000 sequences per sample).
Uclust-assigned taxonomy was derived from the Greengenes 13_8 reference database at 97%
sequence identity (k=kingdom, p=phylum, c=class, o=order, f=family, g=genus, s=species).
Proposed taxonomies are indicated by square brackets. DH – Devils Hole, AMFCF – Ash
Meadows Fish Conservation Facility. Sheet 3: Abundances of prokaryotic phyla detected in each
sample. The Proteobacteria have been subdivided into classes. Sheets 4-7: Multiparameter sonde
data (water temperature [°C], conductivity [mS/cm], pH, dissolved oxygen [% saturation], and
dissolved oxygen [mg/L]) collected every 15 minutes on 11-September, 2015, at Devils Hole
Shelf (Sheet 4), Devils Hole Pool (Sheet 5), AMFCF Shelf (Sheet 6), and AMFCF Pool (Sheet
7). The appendix is available for download here:
https://doi.org/10.1371/journal.pone.0194404.s0
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ABSTRACT
BLM1 is an 883.5-m-deep monitoring borehole near Death Valley, California, USA, that
intercepts fault-associated paleometeoric water from the discharge zone of the Death Valley
Regional Flow System (DVRFS): a fractured carbonate rock aquifer that underlies much of
Southern Nevada and Eastern California. The borehole is cased in low-carbon steel to a depth of
750 m, below which limited uncased completion is currently accessible, providing a unique
window into the DVRFS. The aim of this study was to develop a better understanding of
fracture-associated microbial communities in BLM1 through a combination of both planktonic
characterizations (from high-volume pumping and discrete samples from the static water
column) and in situ synthetic and natural sponge colonization experiments by employing
aqueous geochemical characterization, thermodynamic modeling, and analysis of 16S rRNA
gene libraries. Physical measurements collected along the vertical profile of BLM1 show a
transition from cool (25°C), suboxic (11.9% saturation), basic (pH 9.3), and oxidizing (58 mV)
conditions at 30 meters depth to hot (57°C), anoxic, circumneutral (pH 6.92), and highly
reducing (-242 mV) conditions at 752 meters depth. Thermodynamic calculations revealed many
exergonic metabolic reactions involving the reduction of SO42-, NO32-, and O2, although when
normalized per mole of limiting reactant and per kg of fluid (energy density), the austerity of
energy availability in this habitat is evident. Our analysis of planktonic and surface-colonized
microorganisms throughout BLM1 revealed microbial communities dominated by yet-to-be
cultivated, phylogenetically deeply branching taxa, including Acetothermia, Aminicenantes,
Candidatus Desulforudis, Hadesarchaea, and novel lineages in the Nitrospirae family. Colonized
sponge and planktonic communities from discrete water samples were more diverse and
taxonomically distinct when compared with pumped samples. Hierarchical clustering of
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abundance-weighted UniFrac distances revealed clustering by sample type (e.g.: pumped, bailed,
synthetic sponge, and natural sponge communities clustered independently of one another).
Mantel tests and non-metric multidimensional scaling (NMDS) ordinations of UniFrac distances
revealed that attached microbial communities were structured spatially (by depth). NMDS
ordination also revealed similarity between sponge-colonized and planktonic microbial
communities obtained via discrete sampler. Natural sea sponges and co-located synthetic
sponges were colonized primarily by Aminicenantes and Thermotogae, which were
comparatively rare in all other samples, suggesting that deep subsurface microbial communities
are active and respond to inputs of fixed carbon and nitrogen. Our observations suggest that the
deep fractured rock ecosystem of the DVRFS discharge zone is a repository of novel biodiversity
and that planktonic samples from subsurface environments represent just a fraction of the
diversity harbored in subsurface biofilms.

INTRODUCTION
The terrestrial deep subsurface represents the second largest (Whitman et al., 1998) and is
the most poorly characterized and least understood biome on earth (Lopez-Fernandez et al.,
2018). In a meta-analysis of 3,800 subsurface cell concentrations from core material and
groundwater samples, Magnabosco and colleagues (2018) have estimated the total global
continental subsurface prokaryotic biomass to 23 – 31 petagrams of carbon, greatly constraining
estimates of others (Whitman et al., 1998; Kallmeyer et al., 2012; McMahon and Parnell, 2014;
Bar-On et al., 2018). Biomass in the terrestrial subsurface accounts for an estimated 2-19% of the
earth’s total biomass (McMahon and Parnell, 2014).
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Continental subsurface environments have been described as ‘biodiversity hotspots’
(Anantharaman et al., 2016; Hernsdorf et al., 2017) due to the presence and abundance of deeply
branching bacterial phyla belonging to the Candidate Phyla Radiation (CPR) (Brown et al., 2015;
Probst et al., 2018) and archaeal phyla belonging to the DPANN superphylum and others (Rinke
et al., 2013; Brown et al., 2015; Probst et al., 2018). These diverse communities, often isolated
from carbon and energy inputs from phototrophy, are comprised of organisms capable of
survival under oligotrophic conditions and are taxonomically distinct from surface communities
(Stevens and McKinley, 1995; Lin et al., 2006; Hoehler and Jorgensen, 2013). Furthermore, the
presence, abundance, and distribution of microorganisms in the subsurface are often dictated by
local geochemistry and hydrology (Gihring et al., 2007). Given the scarcity of fixed carbon and
sources of energy in most subsurface environments, microorganisms inhabiting these habitats
have extremely low metabolic rates and long generation times (Phelps et al., 1994; D'Hondt et
al., 2002; Lin et al., 2006).
The vast majority of cells in the subsurface are likely found in an attached state, either
attached to sediment particles or fracture surfaces (Pfiffner et al., 2007; Wanger et al., 2007).
McMahon and Parnell (2014) estimate that less than 1% of cells in the subsurface are in an
unattached planktonic state. Many studies of subsurface microbiology have characterized the
planktonic microbial communities from borehole fluids (Moser et al., 2005; Lau et al., 2014;
Magnabosco et al., 2014; Osburn et al., 2014; Frank et al., 2016a; Ino et al., 2016; Lau et al.,
2016; Kadnikov et al., 2017; Rempfert et al., 2017; Wu et al., 2017; Kadnikov et al., 2018a;
Kadnikov et al., 2018b), however, Wu et al. (2017) have shown that biofilm communities
colonized from flow cells attached to flowing boreholes were taxonomically distinct from
planktonic communities and Momper et al. (2017b) have demonstrated that rock-hosted
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microbial communities were distinct from corresponding planktonic microbial communities of
deeply circulating groundwater. Therefore, while the organisms inhabiting the planktonic phase
of subsurface environments provide insights into the microbiology of the deep subsurface, it is
possible these studies are missing a critical component of subsurface microbial communities.
This presents a significant challenge to our understanding of subsurface microbial communities
due in part to the difficulty of sampling sediments and fracture surfaces while minimizing the
potential for introduction of contaminants.
Access to the subsurface remains one of the greatest impediments to the exploration of
subsurface microbial communities. A common method for accessing the subsurface involves
drilling techniques. To access deep materials, rotary drills are used in combination with drilling
fluids, such as formation waters, drilling muds, and other compounds. Drilling fluids are also a
prominent source of contamination and can overprint endogenous biological signatures
(Pedersen et al., 1997; Moser et al., 2003; Zhang et al., 2007; Wilkins et al., 2014). Additionally,
boreholes are subject to potential introduction of contamination during the installation of nonsterile casings and cements, which are installed to prevent collapse of the borehole and to seal off
non-target formations. Given the great potential for introduction of contaminants during drilling,
caution should be exercised when interpreting geochemical and microbiological data from
borehole samples. Moser et al. (2003) have demonstrated that, upon in situ isolation and
exclusion of borehole fluids from the mining atmosphere, planktonic microbial communities and
aqueous geochemistry equilibrated back to their presumed native state (e.g. α, β, and γ
Proteobacteria were replaced with Desulfotomaculum-like bacteria, redox potential decreased,
and pH increased). Likewise, Davidson et al. (2011) have shown that microbiological
contamination signatures (e.g. β and γ Proteobacteria, Cenarchaeceae, and Nitrososphaera) were
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removed from continuously flowing borehole fluids after more than 50 borehole volumes of fluid
had passed through the borehole. These studies suggest that, once subsurface fluids have been
isolated and allowed to equilibrate, the environment will select against contaminating
microorganisms.
In the present study, microbiological and geochemical data are presented from BLM1, an
883.5-m-deep monitoring borehole located at the base of the eastern flank of the Funeral
Mountains in Inyo County, California, USA. BLM1 intercepts fault-associated paleometeoric
water from the discharge zone of the Death Valley Regional Flow System (DVRFS): a fractured
carbonate rock aquifer that underlies much of southern Nevadan and Eastern California. The
borehole is cased in low-carbon steel to a depth of 750 m, below which 5 m of uncased
completion is currently accessible, and provides a unique window into the DVRFS. In 2007,
following completion of BLM1, the well was pumped at a rate of ~380 L min-1 (100 gallons min1

) for 72 hours, equivalent to the removal of ~110 borehole volumes of water (cased portion

only). In 2011, the well was pumped again at a rate of ~750 L min-1 (200 gallons min-1) for 72
hours (~220 borehole volumes) and the water column has remained static until the activities
described here (2014).
Planktonic microbial communities were ascertained from water samples collected during
geologic pumping tests and from discrete depths within the static borehole (collected via discrete
samplers). To obtain an understanding of surface-colonizing microorganisms inhabiting the
Lower Carbonate Aquifer of the DVRFS, synthetic sponges were incubated at discrete depths
over the entire depth of the borehole for periods of three to six months (five experiment
deployments). Additionally, proteinaceous natural sea sponges, which served as an in situ
nutrient amendment, were incubated at a single depth for two of the five deployments. The goals
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of the current study were to 1) compare planktonic subsurface aquifer-derived microbial
communities (pumped samples) to planktonic microbial communities of subsurface aquiferderived static borehole fluids (discrete samples), 2) evaluate spatial and temporal dynamics of
synthetic sponge-colonized microbial communities in static borehole fluids as a proxy for
surface-colonizing microorganisms in the subsurface, and 3) evaluate the response of subsurfacederived microbial communities to nutrient addition in the form of natural sea sponge incubations.

MATERIALS AND METHODS
Site description
Monitoring borehole BLM1 (36.4004N, -116.4692W, drill 694 meters above sea level
[masl]) is located in the Basin and Range (B&R) physiographic province at the base of the
western flank of the Funeral Mountains in Inyo County, California. The B&R is an extensional
zone characterized by thin crust (Collier, 1990) and North-South-trending faults, valleys, and
mountains. Local geology is complex; recording tectonic and sedimentary (marine and
continental), metamorphic, and intrusive igneous histories from over 2 Ga, including the
formation of thick Paleozoic (~550 Ma) marine carbonates that today underlie much of the
region, the extrusion of a broad Tertiary (23 – 2.6 Ma) volcanic plateau to the North of BLM1,
and crustal extension, from ~17 Ma to present, that created the B&R and Death Valley (~2 – 3
Ma, (Harris, 1997)).
Fault-controlled flow of paleometeoric water in the B&R results in the development of
hydrographic basins and sub-basins (Winograd, 1975; Winograd, 2005); the largest of which, at
~100,000 km2, is the Death Valley Regional Flow System (DVRFS). In the DVRFS, vertical
relief is exaggerated, ranging from mountain tops that reach 3,600 masl to the floor of Death
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Valley, at -86 masl, the lowest point in North America. This large vertical relief drives the flow
of groundwater to thousands of meters depth and potentially over hundreds of km; from montane
recharge areas to distant large-discharge springs on the valley floors (Nelson et al., 2004;
Anderson et al., 2006; Belcher, 2009). This so-called ‘Interbasin Flow’ concept (Eakin, 1966;
Harrill et al., 1988; Winograd, 2001; 2005) has significant implications for the distribution of
deep subsurface life throughout the B&R.
Borehole BLM1 (36.4004N, -116.4692W, 694 masl) was drilled to a depth of 883.5 m
below land surface (mbls) in 2007 by contractors for the United States Department of Energy to
monitor groundwater flow across the Funeral mountains into Death Valley proper. The borehole
bisects lithologies ranging from lake sediments and volcanic tuff, to valley fill alluvium, and
ultimately intersects hydrologically conductive Paleozoic carbonates (Hidden Valley Dolomite)
at 748 mbls. BLM1 is cased in unscreened low-carbon steel to a depth of 750 mbls with partially
collapsed open-hole completion below. Hydrostatic pressure in the subsurface maintains a static
head in BLM1to within ~30 m of the surface.

Physical measurements, aqueous sample collection, and chemical analysis
BLM1 was sampled for physical and chemical analyses on 20 August 2015. Water
physical parameters (temperature, pH, conductivity, oxidation-reduction potential, and dissolved
oxygen concentration/saturation) were measured with Ocean Seven 303Plus borehole CTD
(Idronaut S.R.L., Brugherio MB, Italy) from the water surface (29 meters below land surface
[mbls]) to a depth of 775.6 mbls, with measurements collected every 5 cm. A thermal flowmeter
was deployed to determine vertical flow within the borehole casing. Additionally, the hole was
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logged with a caliper tool to determine the integrity of the casing and the exact depth at which
the casing ceased.
Water samples for microbiological analysis were collected during hydrologic pumping
tests in 2007 and 2011. In 2007, a submersible pump was lowered into BLM1 ~15 m below the
water table and BLM1 was pumped at a rate of ~380 L min-1 (100 gallons min-1) for 72 hours.
During the final hours of pumping, ~4L of water was collected into a sterile container,
transported back to the laboratory on ice in the dark (2 hour trip) and immediately filtered onto a
0.22 μm Sterivex polyethersulfone filter (EMD Millipore, Darmstadt, Germany). The filter was
then frozen at -80°C until analysis. In 2011, a submersible pump was installed ~15 m below the
water table in BLM1 and the borehole was pumped at a rate of ~750 L min-1 (200 gallons min-1)
for 72 hours. Approximately 48 hours into the pumping test, an autoclave-sterilized sampling
manifold was attached to the pump effluent and biomass was concentrated onto 0.22 μm Sterivex
polyethersulfone filters. After 21.5 L had been filtered, filters were transferred to dry ice during
transport and stored at -80°C until further analysis.
Discrete (‘bailed’) water samples from 579 and 752 mbls were collected with a gas-tight,
motor-driven Comprobe fluid sampler (Comprobe, Inc., Fort Worth, TX), prerinsed onsite with
90% ethanol and filled with argon gas prior to each deployment to prevent contamination with
atmospheric oxygen during sampling. Once the instrument reached the specified depth, the argon
gas was released, the instrument filled with water from a discrete depth and sealed closed. At
each depth, microbial biomass from approximately 500 mL of bailed water was concentrated
onto each of two 0.22 µm Sterivex polyethersulfone filters. Filtrate was collected for dissolved
cation (250 mL, preserved with 2 mL 50% HNO3), dissolved organic carbon and ammonia (250
mL, preserved with 2 mL H2SO4), dissolved organic acids (40 mL, preserved with 40 µL 6N
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HCl, 752 mbls only), and dissolved nutrient and anion (250 mL, unpreserved) analyses.
Unfiltered water was collected for alkalinity (250 mL, unpreserved), total organic carbon (250
mL, preserved with 2 mL 15% H2SO4), and dissolved gas (evacuated 160 mL serum bottle
containing 0.007 g HgCl) analysis. Dissolved/total organic carbon samples and samples for
organic acid analysis were collected into glass bottles, whereas all remaining samples were
collected into HDPE bottles. Upon sample collection, sample bottles were stored in the dark on
ice during transport to the laboratory. Water samples were sent to ACZ Laboratories (Steamboat
Springs, CO) for alkalinity and dissolved ion analysis (EPA methods 200.7, 200.8, 350.1, 353.2,
and 365.1, Standard Methods SM 2320-B, SM 2340-B, SM 4500 Cl-E, and SM 4500 F-C, and
American Standard Test Method D516-02). Samples for dissolved/total organic carbon were sent
to Anatek Labs (Moscow, ID) (Standard Method SM 5310-B). Samples for dissolved organic
acid analysis were determined via ion chromatography. Dissolved gas concentrations were
determined with a Shimadzu GC-2014ATF headspace GC equipped with Haysep 80/500 (5
minutes) and MS-5A 60/80 (2.5 minutes) molecular sieve columns and TCD and FID detectors.

Thermodynamic modeling
Geochemical data from bailed samples (579 mbls and 752 mbls, collected in August
2015) were used to calculate Gibbs free energy yields of 77 potential metabolic reactions (Table
S3.1). Values of Gibbs free energy yields were calculated according to the following equation:

𝐾

𝛥𝐺𝑟 = −𝑅𝑇 ln 𝑄𝑟

𝑟
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(1)

where ΔGr is the Gibbs free energy of reaction r under in situ environmental conditions, Kr and
Qr are the equilibrium constant and activity product of the rth reaction, R is the gas constant, and
T is temperature in Kelvin. Values of Qr were calculated using aqueous geochemistry values and
revised thermodynamic data (thermo.com.V8.R6+) according to an extended form of the DebyeHückel equation employed by the SpecE8 application of The Geochemist’s Workbench (GWB)
Release 12 (Aqueous Solutions, LLC, Champaign, IL) (Bethke, 2007). Values of Kr, and
subsequently ΔGr, were calculated at the temperature of interest using the revised
thermodynamic data discussed above in GWB’s Rxn application. ΔGr is presented in units of
kilojoules per mole of limiting reactant (kJ mol-1). We also present ΔGr as energy densities Er,
constrained by the concentration of the limiting reactant, in terms of joules per kilogram of water
(J kg-1 H2O). Er were calculated according to the following equation:

𝐸𝑟 = |𝛥𝐺𝑟 |[𝑖]

(2)

where [i] refers to the molar concentration of the limiting reactant.
For all calculations, dissolved forms Fe and Mn concentrations were assumed to be Fe++
and Mn++. Dissolved oxygen concentrations measured via the DO probe at each depth were used
for calculations involving O2. In instances where a reaction involved a reactant or product whose
concentration was below the limit of detection, the reaction was modeled with the concentration
of said reactant/product at the limit of detection. All reactions involving O2 or other
reactants/products measured below the limit of detection were modeled with theoretical
concentrations of 1.66 x 10-24 M, equivalent to approximately one molecule per liter. By
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modeling reactions at the limit of detection and at a low theoretical concentration (1 molecule
per liter), we are able to calculate the range of potential Gibbs free energy of reaction values.

In situ sponge incubations
Autoclave-sterilized Identi-Plug high density polyurethane foam plugs (Jaece Industries,
North Tonawanda, New York), hereafter referred to as ‘sponges,’ were secured to the 200-lb.test DyneemaTM high-strength fishing line with plastic zip ties at discrete depths outlined in
Table S3.2 as the line, weighted with a steel rod, was lowered into the borehole. Incubation depth
within the borehole were verified with a Berkley linecounter (Spirit Lake, Iowa). Sponge
incubation experiments were deployed on 5 November 2014, 5 February 2015, 21 August 2015,
5 November 2015, and 4 February 2016, and retrieved on 5 February 2015, 19 August 2015, 5
November 2015, 4 February 2016, and 11 May 2016, respectively, resulting in incubation times
of 92, 195, 76, 91, and 97 days. Natural sea sponges (Constantia Beauty, Hawthorne, CA),
collocated with synthetic sponges, were incubated at 579 and 753 meters below land surface
(mbls) during the 21 August 2015 deployment, and at 539 mbls during the 5 November 2015
deployment.

DNA extraction, library preparation, and 16S rRNA gene sequencing
Total genomic DNA was isolated from approximately 300 mg of sponge cross sections
and from 0.22 μm Sterivex filters using the MoBio PowerSoil DNA Isolation Kit (MoBio,
Carlsbad, CA), according to manufacturer’s instructions, with the addition of a freeze-thaw step
prior to bead-beating (30 min at -80°C, 10 min at 65°C). Library preparation and Illumina
sequencing were conducted at the WestCore DNA Core Facility (Black Hills State University,
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Spearfish, SD) for the December 2007 pumped sample, at MicroSeq (Las Vegas, NV) for the
June 2011 pumped sample, and at Molecular Research LP (Shallowater, TX, USA) for all
sponge and bailed samples. To determine potential contamination signatures inherent to the
DNA extraction and library preparation processes, two control samples, a no sample DNA
extraction and sterile molecular-grade water (NSEC and SWC), were included and treated as
discrete samples in the sequencing run performed at Molecular Research LP. At each facility,
library preparation was carried out via PCR using modified primer sequences targeting the V4
hypervariable region of the 16S rRNA gene (F515 [5’-GTGYCAGCMGCCGCGGTAA-3’] and
806R [5’-GGACTACHVGGGTWTCTAAT-3’] (Parada et al., 2016)) according to the modified
bTEFAP amplicon sequencing method described previously (Chiodini et al., 2015). Sequencing
was performed on an Illumina MiSeq instrument following the manufacturer’s guidelines. Raw
sequencing data were deposited in the European Nucleotide Archive under project accession
number PRJEB29268.

Microbial community analysis
Forward and reverse sequencing reads originating from Molecular Research LP were
joined on Illumina BaseSpace with MSR V2.4 software. Since forward and reverse reads
originating from the WestCore DNA Core Facility were each 292 basepairs (the expected
amplicon size given our primer pair), only forward reads were used in subsequent analyses. DNA
sequence processing was conducted with QIIME (Quantitative Insights Into Microbial Ecology)
v. 1.9.1 (Caporaso et al., 2010b) using an Amazon Elastic Compute Cloud (EC2) instance,
Amazon Machine Image (AMI) identifier ami-1918ff72 (Amazon Web Services, Seattle, WA).
Paired end reads originating from MicroSeq were joined with the join_paired_ends.py command
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and fastq-join method (Aronesty, 2011). All sequences were demultiplexed, quality filtered to
remove low quality sequences and any sequence with ambiguous base calls. Chimeric sequences
were identified with the usearch61 algorithm (Edgar, 2010) and removed. The resulting
sequencing libraries were concatenated and operational taxonomic units (OTUs) were generated
at 99% sequence similarity via an open reference OTU picking strategy according to the
usearch61 method. During the reference-based OTU picking steps, sequences were clustered
against the SILVA 128 reference database (Pruesse et al., 2007; Quast et al., 2013). All
sequences that failed to cluster against the reference database were clustered de novo. OTUs
comprising less than 0.1% of all sequences per sample were removed. Representative sequences
for each OTU remaining in the abundance-filtered OTU table were chosen based on the most
abundant sequence within each OTU. Taxonomy was assigned to each OTU with BLAST
(Altschul et al., 1990) against the SILVA 128 reference database (99% OTUs). Representative
sequences were aligned with PyNAST (Caporaso et al., 2010a) against the SILVA 128 core
alignment and sequences that failed alignment were removed from the OTU table. This final
OTU table was used to generate taxonomic profiles and to calculate alpha and beta diversity
metrics. A phylogenetic neighbor-joining tree (Price et al., 2010) was generated from PyNAST
aligned sequences and used for alpha and beta diversity analyses. Beta diversity metrics
(pairwise abundance-weighted and unweighted UniFrac distances (Lozupone et al., 2011)) were
calculated from the unrarefied OTU table. Alpha diversity metrics (OTU richness, Faith’s
Phylogenetic Diversity (Faith’s PD), and Shannon’s Index) were calculated from 100 randomlygenerated OTU tables rarefied to a depth of 10,000 sequences per sample.
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Statistical analyses
Statistical analyses were conducted in R (R Core Team, 2014) with the vegan package
(Oksanen et al., 2015). Sample clustering patterns were evaluated by hierarchical clustering of
pairwise abundance-weighted UniFrac distances and determination of node support values based
on 100 rarefactions of 10,000 sequences per sample. Analysis of similarity (ANOSIM) tests,
which test for statistical significance of between-sample diversity based on categorical variables,
and Mantel tests, which test for statistically significant correlations between two distance
matrices of pairwise community diversity and numerical variables, were conducted. For both sets
of tests, abundance-weighted and unweighted pairwise UniFrac distances were used and p-values
and r-statistics were calculated from 1000 free permutations. Non-metric multidimensional
scaling analysis (NMDS) was performed on abundance-weighted pairwise UniFrac distances to
evaluate microbial community similarity. Two-dimensional NMDS ordination solutions were
evaluated by their associated stress values, measures of goodness of fit in reduced ordination
space, and stress values below 0.2 were considered acceptable (Clarke, 1993).

Sample naming scheme
Pumped samples are named according to their sample type and the month and two-digit
year of collection (e.g.: Pump.Dec07 refers to a pumped sample collected in December 2007).
Bailed samples are named according to their sample type, depth of sample collection, and the
month and two-digit year of collection (e.g.: Bailed752m.Aug15 refers to a bailed sample
collected at 752 mbls in August 2015). Synthetic sponge samples are named according to the
depth at which they were incubated and the month and two-digit year of experiment recovery
(e.g.: 497m.Aug15 refers to a synthetic sponge incubated at 497 mbls that was recovered in
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August 2015). Natural sea sponge samples are named according to their sample type, the depth at
which they were incubated, and the month and two-digit year of experiment recovery (e.g.:
NS.539m.Feb16 refers to a natural sea sponge incubated at 539 mbls that was recovered in
February 2016). The two control samples, the no sample extraction control and sterile water
control, are labeled NSEC and SWC, respectively.

RESULTS AND DISCUSSION
Physical parameters and aqueous geochemistry
Physical parameters over the entire depth of borehole BLM1 were measured on 20
August 2015 at 5 cm intervals from the water table (29 mbls) to a depth of 775.24 mbls (Figure
3.1, Table 3.1). Temperature increased from 25.76°C at 29.21 mbls to 57.46°C at 775.24 mbls.
Over the same depth, conductivity increased from 1051.75 μS cm-1 to 2268.42 μS cm-1 and pH
decreased from 9.32 to 6.71. Oxidation/reduction potential (ORP) remained between 52 and 70
mV over the first 200 mbls and gradually decreased to -253 mV at 775.24 mbls. Percent oxygen
saturation decreased from 11.87% (0.96 mg L-1) at 29.21 mbls to <5% (<0.41 mg L-1) from 54
mbls to 401 mbls, where percent oxygen saturation increased over the remaining depth of the
borehole to 9.64% (0.48 mg L-1) at 775.24 mbls. However, polarographic DO probes are
sensitive to shifts in solution pH and interfering gases, such as CO2, which can alter the pH of the
probe’s electrolyte solution, thus producing DO readings higher than actual concentrations in the
environment. Due to this principle, and the fact that ORP was quite negative in the deeper
portions of BLM1, dissolved oxygen concentrations of fluids collected at 579 and 752 mbls were
verified using colorimetric low-range dissolved oxygen CHEMets test kit (CHEMetrics, Inc.
Midland, VA), which indicated that dissolved O2 concentrations were below detection (0.025 mg
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L-1) at each depth. Vertical flow within the borehole was not detected (<0.08 L min-1). The
caliper tool confirmed that the casing was intact and ended abruptly at 750 mbls.

Figure 3.1. Profile of physical measurements (conductivity, temperature, redox potential,
dissolved oxygen [DO] as percent saturation, and pH) throughout the BLM1 water column.
Depth is presented as meters below land surface. Depth to water from land surface was
approximately 30 meters.
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Table 3.1. Physical and chemical characteristics of bailed water samples (579 and 752 mbls)
collected from BLM1 in August 2015.
Bailed
Physical Measurements
Temp (°C)
Conductivity (μS/cm)
Dissolved Oxygen (mg/L)
pH
ORP (mV)
Bicarbonate as CaCO3 (mg/L)
Carbonate as CaCO3 (mg/L)
Hydroxide as CaCO3 (mg/L)
Total Alkalinity (mg/L)
Hardness as CaCO3 (mg/L)
Dissolved Ions (mg/L)
ClFSO42Al
As
Ba
B
Cd
Ca
Cs
Co
Cu
Fe
Pb
Mg
Mn
Mo
Ni
K
SiO2
Na
U
Zn
Dissolved Nutrients (mg/L)
DOC
TOC
Acetate
Formate
N as NO3
N as NO2
N as NH3
P as O-PO4
Dissolved Gases (mM)
H2
N2
CO
CO2
CH4
O2

579 mbls

752 mbls

48.9
1634.4
0.33
8.66
-228.4
328
88.1
<2
416
19

57.2
2298.6
0.43
6.92
-242.0
437
<2
<2
437
129

49.2
3.93
44.4
0.030
0.19
0.0180
1.82
<0.0001
2.7
0.0003
<0.00005
<0.0005
0.05
0.0002
3
0.002
0.1201
0.0020
16.1
10.6
215
0.0002
0.049

52.4
3.98
158
0.008
0.0778
0.1096
0.174
0.0002
31.7
0.0037
0.00016
0.0006
0.08
0.0006
12.1
0.0958
0.0533
0.0092
17
43.8
222
0.0002
0.004

0.813
1.64
–
–
0.02
<0.01
<0.05
0.06

0.431
4.21
0.1
0.042
<0.02
<0.01
0.22
0.04

0.2
0.7
0.006
0.04
0.1
0.7

<0.007
0.3
<0.0005
0.5
0.01
0.4
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Dissolved aqueous chemistries from discrete bailed samples collected on 20 August 2015
at 579 mbls and on 21 August 2015 at 752 mbls, corresponding to one sample within the casing
and one sample just below the casing, are presented in Table 3.1. The shallower sample was
characterized by cooler water (48.9°C), lower conductivity (1634.4 μS cm-1), and higher pH
(8.66) compared to the deeper sample (57.2°C, 2298.6 μS cm-1, pH 6.92). Notable differences in
dissolved ions include: sulfate (44.4 mg L-1 at 579 mbls, 158 mg L-1 at 752 mbls), calcium (2.7
mg L-1 at 579 mbls, 31.7 mg L-1 at 752 mbls), magnesium (3 mg L-1 at 579 mbls, 12.1 mg L-1 at
752 mbls), and silica (10.6 mg L-1 at 43.8 mbls, 158 mg L-1 at 752 mbls). The water sample from
579 mbls was characterized by sodium > chloride > sulfate > magnesium > calcium and the 752
mbls sample was characterized by sodium > sulfate > chloride > calcium > magnesium.
Dissolved and total organic carbon (DOC and TOC) concentrations were 0.813 and 1.64
mg L-1 at 579 mbls and 0.431 and 4.21 mg L-1 at 752 mbls. Concentrations of acetate and
formate, only determined for the 752 mbls sample, were 0.1 and 0.042 mg L-1. Dissolved H2,
CO, and CH4 concentrations (0.2, 0.006, and 0.1 mM, respectively) were >10X higher at 579
mbls than at 752 mbls. Dissolved CO2 was higher at 752 mbls (0.5 mM vs. 0.04 mM). The
concentration of dissolved ammonia was lower in the shallow sample (<0.05 vs. 0.22 mg L-1).
Dissolved nitrate and nitrite concentrations were at or below the limit of detection in both
samples. Dissolved phosphorus concentrations were similar (0.06 and 0.04 mg L-1, 579 mbls and
752 mbls). N:P molar ratios at 579 mbls and 752 mbls were <1:1 and 12:1, respectively. The
very low concentrations of dissolved organic carbon concentrations, nitrogen, and phosphorous
species indicate that deep subsurface fluids derived from the dolomitic aquifer in the DVRFS are
strongly oligotrophic and likely constrain the types of energetically favorable metabolic reactions
carried out by organisms present in subsurface fluids and fractures.
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Thermodynamic predictions
Gibbs free energy values for 77 metabolic redox reactions (Table S3.1) were calculated
using measured cation, anion, and dissolved gas concentrations from water discretely sampled at
579 and 752 mbls (Table 3.1) and The Geochemist’s Workbench SpecE8 and Rxn programs
(The Geochemist’s Workbench 12 Student Edition, Aqueous Solutions LLC). Of these reactions,
46 were exergonic in at least one sampling depth (Figure 3.2A, B). Colored bars in Figure 3.2A
indicate the electron acceptor involved in the reaction and SO42-, NO3-, and O2 (orange, red,
grey) were predicted to be the most exergonic, whereas reactions involving CO and HCO3(green and blue) as electron acceptors were predicted to provide the least amount of energy per
reaction. Some of the most exergonic reactions include hydrogen oxidation coupled to nitrate
reduction (rxn 13 and 21) and sulfate reduction (rxn 33), aerobic methane oxidation (rxn 8 and
9), anaerobic methane oxidation via nitrate reduction (rxn 19 and 27) and sulfate reduction (rxn
38 and 39), and anaerobic ammonia oxidation via sulfate reduction (rxn 36). In Figure 3.2B,
Gibbs free energy value are presented as energy densities (log(J kg-1 H2O)), which constrains
ΔGr by the concentration of the limiting reactant according to Equation 2. In this figure, colored
bars indicate the electron acceptor involved in each reaction. At 579 mbls, energy densities
ranged from 0–258 J kg-1 H2O and were highest for reactions involving H2 (rxn 33 and 59) and
CH4 (rxn 39 and 38), while most other reactions had energy densities near zero. Energy densities
at 752 mbls were low (0–5 kg-1 H2O) but were highest for reactions involving the oxidation of
CH4 (rxn 39 and 9) and NH4+ (rxn 36).
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Figure 3.2. Gibbs energies of the reactions listed in Table S3.1 and referenced by the reaction
number on the left side for all exergonic reactions modeled based on aqueous geochemistry of
fluids collected at 579 and 752 mbls in August 2015. Experimental ΔGr (579 exp. And 752 exp.)
values were calculated using measured concentrations or concentrations equivalent to the
minimum detection limit as described in Materials and Methods. Theoretical ΔGr (579 theo. And
752 theo.) values were calculated using concentrations of 1.66 10-24 M, equivalent to
approximately one molecule per liter, for all reaction constituents below detection as described in
Materials and Methods. Panel (A) presents Gibbs energies in units of kJ per mole of limiting
reactant. The range of ΔGr values are highlighted by bands of color corresponding to the electron
acceptor for each reaction. Panel (B) presents ΔGr in terms of Joules per kilogram of water
(energy density). The range of energy density values are highlighted by bands of color
corresponding to the electron donor of for each reaction.
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The thermodynamic calculations conducted in this study suggest that there is
considerable energy to be generated via chemolithotrophic and chemoorganotrophic reactions.
The most strongly exergonic reactions utilize SO42-, NO3-, and O2 as electron acceptors. In
contrast to what may be expected according to the canonical view of redox couples and electron
acceptor reduction potentials, reactions utilizing O2 were not the most exergonic. This is due to a
combination of very low calculated activities of dissolved oxygen and low concentrations of
electron donors in some of the reactions modeled. Comparatively, SO42-and NO3- activities were
much higher and many reactions utilizing these electron acceptors were predicted to yield more
energy than O2. However, ΔGr values only present theoretical energy yields of the reactions
modeled assuming sufficient concentrations of reactants exist for the reactions to proceed. To
address this, energy densities were calculated by constraining ΔGr values by the concentration of
the limiting reactant (Figure 3.2B). Of the two modeled depths within BLM1 (579 mbls and 752
mbls), 579 mbls was much more energy dense (maximum energy density per reaction of 258 J
kg-1 H2O compared to ~5 J kg-1 H2O). This disparity is due to the high concentration of H2 (200
nM) within the well casing compared to the water sample collected just below the well casing at
752 mbls (H2 < 7 nM). Anaerobic corrosion of low-carbon steel resulting in production of H2 has
been demonstrated in vitro (Smart et al., 2002) and is likely serving as the source of H2 within
the cased portion of BLM1, thus providing a strong reductant for metabolic reactions.
Within the low-carbon steel casing, the modeled reactions resulting in the highest energy
densities utilized H2 (rxn 33, 258 J kg-1 H2O; rxn 59, 18 J kg-1 H2O) and CH4 (rxn 39, 80 J kg-1
H2O; rxn 38, 53 J kg-1 H2O) as electron donors. These four reactions utilize SO42-, HCO3-, SO42-,
and SO42-, respectively. Thus, at 579 mbls where H2 and CH4 are abundant, it is likely that these
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electron donors are providing the reducing power for sulfate reduction and predicts that putative
sulfate reducing microorganisms would be abundant within the cased interval of BLM1.
Below the casing (at 752 mbls), modeled reactions had low energy densities (less than ~5
J kg-1 H2O), especially compared to the energy densities at 579 mbls. This disparity is due to the
lack of electron donors in the deeper sample. For example, the concentration of H2 (<7 nM) was
more than 20X lower and CH4 (10 nM vs 100 nM) was an order of magnitude lower than within
the casing. However, the concentration of NH4+ was slightly higher below the casing (0.22 mg L1

vs. <0.05 mg L-1). Reactions 39, 36, and 9 (CH4, NH4+, and CH4) had the highest energy

density of all reactions modeled from below the low-carbon steel casing (5.3, 4.8, and 4.5 J kg-1
H2O) and utilized SO42-, SO42-, and O2 as electron acceptors, respectively. However, the energy
density of rxn 9 was calculated with the dissolved oxygen concentration reported from the DO
polarographic probe (0.43 mg L-1). Given that the environmental conditions at 752 mbls are
highly reducing (-242 mV) and colorimetric low-range dissolved oxygen CHEMets test kit
(CHEMetrics, Inc. Midland, VA) has confirmed dissolved O2 below a detection limit of 0.025
mg L-1 (data not shown), it is likely that the energy density of rxn 9 at 752 mbls is much lower
than 4.5 J kg-1 H2O. Thus, sulfate reduction reactions driven by the oxidation of CH4 and NH4+ is
likely a dominant and favorable metabolism in the uncased portion of BLM1 and suggests that
sulfate reducing microorganisms would dominate the microbial communities.

Microbial contamination signature
Two control samples were included in the sequencing runs: a no sample extraction
control (NSEC) and a sterile molecular-grade water control (SWC). The purpose of including
these two samples was to determine the contamination signature of the DNA extraction kit used
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to extract DNA from all samples (NSEC) and to determine potential contamination introduced
during sample shipment, processing, and sequencing at the sequencing lab (SWC). A total of 183
OTUs were identified in the control samples (Appendix S3.1). With the exception of 18 of these
OTUs being detected in the 3m.Feb15 synthetic sponge, none of the OTUs detected in the
control samples were detected in subsurface colonized sponges or planktonic samples. The most
abundant taxa identified from OTUs in NSEC were Pseudomonas fluorescens (29.8% relative
abundance), Stenotrophomonas maltophilia (40.1%), and Acinetobacter radioresistens (20.0%).
The most abundant taxa in SWC were Pseudomonas fluorescens (44.7%), Bradyrhizobium
DASA194 (27.0%), and an uncultured species of Peptoniphilus (17.8%).

Subsurface microbial diversity and community structure
In total, 1591 OTUs were identified at 99% sequence similarity from the 3,348,944
quality- and abundance-filtered sequences generated from all BLM1 pumped planktonic
samples, bailed planktonic samples, and in situ synthetic and natural sea sponge incubations (59
samples in total, 10,484 – 121,348 sequences per sample, Appendix S3.1). The five most
abundant OTUs in the dataset include an uncultured bacterium in the Acetothermia phylum
(2.5% relative abundance), three uncultured bacteria in the Nitrospiraceae family (2.3, 2.3, and
2.1%), and an uncultured bacterium within the genus Candidatus Desulforudis (2.23%). A
hierarchical clustering dendrogram of abundance-weighted UniFrac distances (Figure 3.3) and
NMDS ordinations of abundance-weighted UniFrac distances (Figure 3.4) and unweighted
UniFrac distances (Figure S3.1) were generated to evaluate similarity in microbial community
structure among samples. These diagrams show that samples tended to cluster by sample type;
that is, microbial communities of pumped samples clustered together, bailed communities
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clustered together, and natural sponge communities clustered independent of the majority of
synthetic sponge communities.

Figure 3.3. Left: Hierarchical clustering dendrogram of abundance-weighted UniFrac distances.
Nodes with jackknife support values ≥80% are indicated by filled circles at the node. Right:
Phylum-level taxonomic bar chart of planktonic (pumped and bailed) and sponge-colonized
(synthetic and natural) prokaryotic communities. Samples are listed according to their order in
the clustering dendrogram. The Proteobacteria phylum was subdivided into classes. Microbial
groups (phyla or classes) with <5% relative abundance in all samples are included collectively as
‘Phyla <5%.’
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Figure 3.4. Non-metric multidimensional scaling ordination of abundance-weighted UniFrac
distances for all planktonic and sponge-colonized samples included in this study. Each point on
the ordination represents a single sample. Symbol shape corresponds with sample type (circles =
synthetic sponges, diamonds = natural sponges, squares = pumped samples, triangles = bailed
samples). The depth at which the sample was incubated or collected is indicated by the shade of
grey, with depth increasing with darkness.

Pumped samples
Planktonic microbial communities from water collected during hydrologic pumping tests
(2007 and 2011) are perhaps some of the most valuable samples presented in this study as they
are the samples that most accurately reflect planktonic life in the Lower Carbonate Aquifer and
are much less impacted by casing and drilling artifacts. Although sponge-colonized microbial
communities and planktonic microbial communities from static borehole fluids are of great
value, the environmental conditions within the low-carbon steel casing are not necessarily
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reflective of conditions within the LCA. The observed OTU richness of planktonic samples from
pumping (81 OTUs in 2007 and 43 OTUs in 2011) was 20-80% lower than any other samples.
The microbial community of the 2007 pumped sample was comprised primarily of Firmicutes
(60.3%), Euryarchaeota (28.6%), and Nitrospirae (10.8%) (Figure 3.3). These three phyla have
been shown to dominate a variety of deep subsurface habitats (Moser et al., 2005; Chivian et al.,
2008; Frank et al., 2016a; Kadnikov et al., 2017). Within these three phyla, Ammonifex spp.,
Methanothermobacter spp., an uncultured member of the D8A-2 order of Clostridia, and
Thermodesulfovibrio spp. accounted for 28.8%, 28.6%, 19.5%, and 10.2%, respectively. The
microbial community of the 2011 pumped sample was comprised primarily of Euryarchaeota
(53.8%) and Firmicutes (36.4%). Methanothermobacter spp. (52.7%), Ammonifex spp. (17.7%),
and Desulfotomaculum spp. (13.7%) were the most abundant organisms detected.
Low diversity subsurface microbial communities dominated by one or a few key species
have been described (Moser et al., 2005; Chivian et al., 2008) where community members are
predicted to derive energy from the oxidation of hydrogen produced via radiolysis (Lin et al.,
2005). Ammonifex species, originally isolated from an Indonesian volcanic hot spring but also
found in a terrestrial hot spring in Kamchatka (Miroshnichenko et al., 2008) deep terrestrial
subsurface fluids of the Sanford Underground Research Facility (Momper et al., 2017a), are
obligately anaerobic, motile, facultative chemolithoautotrophs capable of hydrogen and formate
oxidation, nitrate reduction to ammonia and reduction of oxidized forms of sulfur (Huber et al.,
1996). Methanothermobacter species are hydrogenotrophic methanogenic archaea found in many
terrestrial deep subsurface mines (Lau et al., 2014) and deep boreholes (Zhang et al., 2007; Frank
et al., 2016a; Hu et al., 2016; Kadnikov et al., 2017; Kadnikov et al., 2018a), where abundances
sometimes exceed 25% (Kadnikov et al., 2017). D8A-2 order of Clostridia was designated based
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on 16S rRNA gene sequences from borehole fluids collected nearly 3.4 km below land surface in
the Driefontein Consolidated Mine in South Africa (Moser et al., 2005). Thermodesulfovibrio,
chemoorganoheterotrophic or hydrogenotrophic sulfate-reducing bacteria found in geothermal
groundwater (Kimura et al., 2005; Emerson et al., 2016; Frank et al., 2016b; Kadnikov et al.,
2018a). Desulfotomaculum species, endospore-forming chemolithoheterotrophic sulfate reducing
bacteria, are common inhabitants of terrestrial subsurface environments (Liu et al., 1997; Moser
et al., 2003; Moser et al., 2005; Davidson et al., 2011; Frank et al., 2016a; Jungbluth et al., 2017;
Rempfert et al., 2017; Kadnikov et al., 2018a).
Thus, we infer that chemolithoautotrophy is the dominant metabolic strategy for
microorganisms inhabiting the LCA of the DVRFS, where oligotrophic conditions exist and
microorganisms are limited for sources of energy and fixed carbon. Furthermore, although
thermodynamic predictions based on aqueous chemistry data were not performed for either
pumped sample (due to the lack of comprehensive aqueous chemical data), thermodynamic
predictions for bailed water samples collected 752 mbls in August 2015 suggest that CH4 and
NH4+ oxidation coupled to SO42- reduction are the two reactions with the highest energy
densities. Anaerobic oxidation of methane coupled to sulfate reduction, a major biochemical
cycle in marine environments, is known to be catalyzed by the syntrophic interaction between
physically attached anaerobic methanotrophic archaea (ANME-II) and sulfate-reducing bacteria
(typically Deltaproteobacteria) (Knittel and Boetius, 2009). ANME-II archaea were not detected
in any sample, suggesting that this metabolism likely does not occur in the LCA. Additionally,
anaerobic ammonia oxidation, a process thus far restricted to the Planctomycetes (Kuenen,
2008), is not commonly observed in subsurface environments (Jewell et al., 2016). It is unlikely
that anaerobic ammonia oxidation is occurring in BLM1 as Planctomycetes were undetected in

96

all but one sample (30m.May16). Sulfate-reducing bacteria and methanogenic archaea were
abundant in pumped fluid communities, but limited concentrations of electron donors suggests
that these communities are not particularly metabolically active, a common feature of subsurface
lithoautotrophic ecosystems (Phelps et al., 1994; D'Hondt et al., 2002; Lin et al., 2006).

Bailed samples
The water column within BLM1 sat undisturbed following the 2011 hydrologic pumping
test. Water samples from 579 and 752 mbls were discretely sampled for aqueous chemistry and
microbiological analysis to gain an understanding of how planktonic microbial communities in
static borehole fluids compare with the communities of pumped samples. Hierarchical clustering
of abundance-weighted UniFrac distances (Figure 3.3) indicate that these communities are
phylogenetically distinct from both pumped samples and sponge-colonized communities and
suggest that environmental pressures imposed by water-casing interactions and/or the lack of
vertical flow within the cased interval influence microbial community structure. However, it is
important to note that bailed water samples were collected following retrieval of a sponge
deployment (all Aug15 sponges) and deployment of the caliper tool, borehole CTD instrument,
and vertical flow meter. Deployment of these instruments may have disturbed surface-attached
microbial communities throughout the borehole, thus perhaps explaining the higher number of
observed OTUs in the bailed samples compared to the pumped samples and differences in
microbial community structure.
Like the microbial communities of pumped fluids, bailed fluids were also dominated by
chemolithoautotrophs, although the abundance and identity of many of the dominant organisms
were dissimilar. The microbial community at 579 mbls was comprised of Nitrospirae (76.2%),
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Acetothermia (13.1%), and Firmicutes (6.6%) (Figure 3.3). An uncultured bacterium in the
Nitrospiraceae family (76.2%), an uncultured organism in the Acetothermia phylum (10%), and
Candidatus Desulforudis spp. (4.1%) represent the dominant taxa in this community. The deeper
bailed sample (752 mbls) was dominated by Nitrospirae (50.8%), Acetothermia (19.8%),
Firmicutes (13.9%), and Hadesarchaea (8.1%). An uncultured bacterium in the Nitrospiraceae
family (50.4%), an uncultured organism in the Acetothermia phylum (14.2%), and Candidatus
Desulforudis spp. (10.7%) were the dominant taxa. Most of the Acetothermia (except for the
taxon Candidatus Acetothermus) were absent from the pumped samples. Additionally, an
uncultured archaeon in the Hadesarchaea phylum was abundant at 752 mbls (8.1%) but was
undetected in all other planktonic samples. The planktonic microbial communities of both bailed
samples lacked putative methanogens (e.g. Methanothermobacter), D8A-2, and
Desulfotomaculum species entirely; and Ammonifex were found in low abundances (ca. <2%),
which were some of the most abundant taxa detected in the pumped samples.
The Nitrospiraceae, the only established family in the Nitrospirae phylum, are
physiologically diverse and contain aerobic chemolithoautotrophic nitrite- and iron-oxidizing
bacteria (e.g.: Nitrospira and Leptospirillum) and anaerobic, thermophilic,
chemoorganoheterotrophic or hydrogenotrophic sulfate-reducers (e.g.: Thermodesulfovibrio)
(Daims, 2014). The candidate phylum Acetothermia have been found in a variety of habitats,
including anaerobic digesters in wastewater treatment plants (Hao et al., 2018), oil reservoirs (Hu
et al., 2016) hot springs (Hugenholtz et al., 1998), subsurface microbial mats (Takami et al.,
2012), and aquifers (Kadnikov et al., 2017; Rempfert et al., 2017). Predictions from
metagenomes indicate that these organisms may be acetogens (Takami et al., 2012), heterotrophs
(Hu et al., 2016), or anaerobic chemoheterotrophs (Hao et al., 2018). Candidatus Desulforudis
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audaxviator, a chemoautotrophic sulfate-reducing thermophile shown to be the sole inhabitant of
fracture fluids 2.8 km deep in a South African gold mine (Chivian et al., 2008), where it is
predicted to derive energy from hydrogen gas produced via the radiolysis of water (Lin et al.,
2005). Hadesarchaea, previously the South African Gold Mine Miscellaneous Euryarchaeal
Group (SAGMEG), are putative heterotrophs (Biddle et al., 2006) found in a variety of terrestrial
and marine subsurface environments (Takai et al., 2001; Gihring et al., 2007; Davidson et al.,
2011; Briggs et al., 2014; Baker et al., 2016). Genomic analysis suggests that Hadesarchaea may
also derive energy from CO oxidation potentially coupled to H2O or NO2- reduction but lack key
genes for methanogenesis and the Wood-Ljungdahl pathway (Baker et al., 2016).
To date, 16S rRNA gene sequences nearly identical to C. D. audaxviator MP104C
(Chivian et al., 2008) have been detected in Outokumpu deep borehole fluids from 1.2–1.5 km
deep in the Fennoscandian Shield in Finland (Itavaara et al., 2011), from subseafloor crustal
basalt fluids in the Juan de Fuca Ridge (Jungbluth et al., 2013), and in geothermal aquifer fluids
originating from a depth of 1.2 km in Germany (Lerm et al., 2013). Given the acute distribution
of C. D. audaxviator, this organism appears to be a strong indicator of the deep biosphere.
Coincidentally, BLM1 has enriched for this organism within the low-carbon steel casing.
At 579 mbls, the modeled reactions with the highest energy density were
hydrogenotrophic sulfate reduction (rxn 33) and anaerobic oxidation of methane coupled to
sulfate reduction (rxns 39 and 38). We have established that anaerobic oxidation of methane is
unlikely to occur in BLM1; however, hydrogenotrophic sulfate reduction is likely to occur and
resulted in the most negative ΔGr and highest energy density of any reaction modeled in this
study. Of the most abundant taxa in this sample, C. D. audaxviator is the only organism
potentially capable of carrying out this metabolism. Although nitrite concentrations were below
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detection (<0.01 mg L-1) and iron concentrations were low (0.05 mg L-1), Nitrospirae were
abundant, which may suggest that these organisms are limited by concentrations by these two
electron acceptors or that these two compounds fail to accumulate due to the activity of
Nitrospirae. Given their high abundance at 579 mbls and the presence of detectable NO3-, the
latter scenario is likely. Methanogenic archaea were absent at 579 mbls; however, putatively
acetogenic Acetothermia (bacteria) were present and may suggest that acetogenesis is a favored
metabolism over methanogenesis in static borehole fluids.
As discussed above, the modeled biologically mediated chemical reaction with the
highest energy densities at 752 mbls were anaerobic methane oxidation and anaerobic ammonia
oxidation, both of which are unlikely to occur due to the absence of organisms capable of
carrying out such metabolisms. The presence and abundance of C. D. audaxviator suggests that
hydrogenotrophic sulfate reduction is a dominant metabolism, although dissolved H2
concentrations were below detection. Similar to the planktonic community at 579 mbls,
methanogenic archaea were absent at 752 mbls; however, putatively acetogenic Acetothermia
(bacteria) were present. Furthermore, the production of acetate by Acetothermia may provide a
source of organic carbon for chemoorganoheterotrophic Nitrospirae or metabolically flexible
Hadesarchaea.

Synthetic sponges
To obtain an understanding of the structure of microbial communities that colonize
surfaces in the deep subsurface, polyurethane foam sponges were incubated at discrete depths
throughout BLM1 for periods of 3-6 months. In situ synthetic sponge-colonized microbial
communities were characterized by low diversity (191 ± 24 SD observed OTUs, Table S3.3).
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The average Shannon index and Faith’s phylogenetic diversity (PD) index for all sponges was
6.84 ± 0.33 SD and 5.09 ± 1.18 SD, respectively. Although spatiotemporal differences in alpha
diversity metrics were not observed in the sponge-colonized microbial communities, we
observed shifts in overall microbial community structure. When considering synthetic sponges
incubated at or below 100 mbls (to remove potential impact of surface contamination in
shallower sponge communities), ANOSIM tests indicated differences in community membership
(unweighted UniFrac distances) and composition (weighted UniFrac distances) were attributable
to experiment deployment (Unweighted RANOSIM = 0.5396, p = <0.001; Weighted RANOSIM =
0.45, p = <0.001) (See Figures S3.2 and S3.3). However, the effect of deployment does not
account for heterogeneity in physical and chemical variables in BLM1 nor does it account for
different numbers and distribution of sponges in each deployment. To overcome these
limitations, Mantel tests were conducted to determine if microbial communities are structured
spatially (by depth). These tests indicated that both community composition and structure are
structured with depth (unweighted rM = 0.351, p = < 0.001, weighted rM = 0.308, p = <0.001).
Synthetic sponge colonized microbial communities below 100 mbls were dominated by
Firmicutes (30.6 ± 15.7% SD relative abundance), Acetothermia (18.3 ± 9.9% SD), and
Nitrospirae (14.4 ±10.3% SD) (Figure 3.3) and the most abundant taxa included an uncultured
bacterium in the Acetothermia phylum (18.0 ± 10.0% SD), an uncultured bacterium in the
Nitrospiraceae family of Nitrospirae (13.1 ± 9.9% SD), Dethiobacter spp. (12.7 ± 6.6% SD), and
Candidatus Desulforudis (11.0 ± 7.4% SD). The relative abundances of Euryarchaeota,
Acetothermia, Chloroflexi, Ignavibacteriae, and Gammaproteobacteria displayed no pattern with
depth. The Actinobacteria and Nitrospirae were found in low abundances above ~300 mbls but
were abundant below, and no additional patterns with depth were apparent. The Firmicutes,
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Alphaproteobacteria, and Betaproteobacteria tended to be more abundant above ~600 mbls.
Conversely, the Hadesarchaea, AC1, and Deltaproteobacteria were abundant in the deep portions
of BLM1 (below ~600 mbls).
At the phylum level, sponge-colonized microbial communities appeared quite similar to
the planktonic microbial communities, although the abundances of each phylum differed. Unlike
the microbial communities of bailed samples, methanogenic archaea (Methanobacterium spp.
[1.6% average rel. ab.] and Methanothermobacter spp. [0.4%]) were detected in all sponge
samples below 100 mbls. Hadesarchaea, which were abundant in the deep bailed sample but
absent from the shallow bailed sample and both pumped samples, were detected in some of the
deep sponge communities below 550 mbls in abundances up to 26.7% (749m.May16).
Acetothermia were absent from the 2007 pumped sample, found in low abundances (1.7%) in
June 2011 pumped sample, yet were quite abundant in the bailed samples (13.1% average). The
Nitrospiraceae were much less abundant in sponges than bailed samples, but were found in low
abundances (<1%) in both pumped samples. Conversely, the Nitrospirae detected in pumped
samples were dominated by Thermodesulfovibrio spp., which were absent or found in low
abundances in the sponge communities (1.2% average). The dominant Firmicutes detected in the
sponges were C. D. audaxviator and Dethiobacter spp. (most abundant above 400 mbls). In the
bailed samples, C. D. audaxviator was more abundant at 752 mbls (10.7%) than 579 mbls (4.1%)
and Dethiobacter spp. were found in low abundances (<1% each). C. D. audaxviator was found
in low abundances in both pumped samples (<1% each). Dethiobacter spp. were absent from the
2007 pumped sample and in low abundance (<1%) in the 2011 pumped sample.
Dethiobacter species, originally enriched from soda lake sediments, are alkaliphilic
chemolithoautotrophs that reduce thiosulfate, elemental sulfur, and polysulfide via H2 oxidation
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(Sorokin et al., 2008). Unsurprisingly, hydrogenotrophic sulfur- and sulfate-reducing bacteria
(e.g Dethiobacter spp. and C. D. audaxviator) were most abundant between 100 and 500 mbls
within the low-carbon steel casing. Coincidentally, this is where dissolved H2 concentrations
were highest due to the anaerobic corrosion of the casing material, which provided an energy
source for hydrogenotrophic metabolisms. The lower concentration of SO42- in the casing
compared to water samples collected at 752 mbls suggests that sulfate reduction is prominent
throughout the cased interval. Similarly, the H2 produced via casing corrosion is likely serving as
a source of energy for methanogens (Methanobacterium and Methanothermobacter) and
acetogens (Acetothermia), which were found in sponge-colonized communities throughout the
borehole.

Natural sea sponges
Natural sea sponges were collocated with synthetic sponges during two experiment
deployments: at 579 mbls for the experiment retrieved in November 2015 and at 539 mbls for the
experiment retrieved in February 2016. In each case, OTU richness of sea sponge colonized
microbial communities was lower (159 and 135 OTUs) than the observed OTU richness of
synthetic sponge colonized communities (191 ± 24 SD) (Table S3.3). The most abundant phyla
colonizing the natural sponges were Thermotogae (32.6 and 15.9%), Nitrospirae (22.8 and
27.3%), Ignavibacteriae (18.8 and 6.0%), Aminicenantes (12.0 and 38.2%) and Chloroflexi (9.1
and 2.3%) for November 2015 and Feb 2016 samples, respectively (Figure 3.3). Bacteroidetes
were abundant in February 2016 (7.2%) yet were undetected in the November 2015 sample. The
most abundant taxa detected were Fervidobacterium spp. (32.6 and 15.9%), Thermodesulfovibrio
(22.8 and 27.3%), Ignavibacterium (18.6 and 2.7%), and an unclassified bacterium in the
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Aminicenantes phylum (12.0 and 38.2%). The effect of natural sea sponge incubations on
sponge-colonized microbial communities was also observed in the colonized communities of
synthetic sponges incubated in proximity to natural sponges. Specifically, the Aminicenantes and
Thermotogae were present and abundant in proximal synthetic sponges whereas these phyla were
absent or found in low abundances in incubations lacking natural sea sponges. Furthermore, the
most abundant taxa that colonized the natural sea sponges (Fervidobacterium, Ignavibacterium,
and Aminicenantes) were undetected in pumped microbial communities and undetected or found
in low abundances in bailed samples. Thermodesulfovibrio was one of the most abundant taxa in
the 2007 pumped microbial community, but was found in low abundances in all other planktonic
samples (<1%).
Incubation of natural sea sponges, composed primarily of collagenous spongin proteins,
served as an in situ carbon and nitrogen amendment which consequently allowed for the
proliferation of proteolytic and glycolytic taxa. Fervidobacterium species are thermophilic,
glycolytic anaerobic chemoorganotrophs (Patel et al., 1985) have been detected in deep
terrestrial subsurface fluids in petroleum reservoirs (Grassia et al., 1996), New Zealand hot
springs (Patel et al., 1985), geothermal waters from the Great Artesian Basin in Australia
(Andrews and Patel, 1996), and Western Siberia (Kadnikov et al., 2017). Ignavibaterium album,
one of two cultured species within the Ignavibacteriae phylum (and the only cultured species in
its genus), is a moderately thermophilic, facultatively anaerobic chemoheterotroph or
organoheterotroph originally isolated from a hot spring microbial mat (Iino et al., 2010; Liu et
al., 2012). Ignavibacteriae draft genomes sequenced from terrestrial shallow subsurface samples
(140-250 mbls) are predicted to encode genes involved in degradation of cellulose,
hemicellulose, and chitin (Hernsdorf et al., 2017). Aminicenantes (candidate division OP8) are
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globally distributed and inhabit a diverse array of habitats, with some of the highest abundances
of this phylum being found in hydrocarbon-impacted environments followed by marine habitats,
and terrestrial springs and aquifers (Farag et al., 2014). Aminicenantes metagenomes indicate
capacity for fermentation of complex sugar polymers and presence of many oligopeptide
transporters and peptidases (Robbins et al., 2016). Aminicenantes and Ignavibacteriae
collectively comprised >25% of 16S rRNA genes retrieved from a 2.5 km deep borehole in
western Siberia (Kadnikov et al., 2018a).
Putative sulfur- and sulfate-reducing bacteria (Dethiobacter spp. and C. D. audaxviator)
were only detected in the natural sponge community retrieved in November 2015, albeit in low
abundance (<1%). However, Thermodesulfovibrio (chemoorganoheterotrophic or
hydrogenotrophic sulfate-reducing bacteria (Kimura et al., 2005; Emerson et al., 2016; Frank et
al., 2016b; Kadnikov et al., 2018a)) were abundant in natural sea sponges, but it is unclear if
these organisms were performing sulfate reduction under the altered aqueous chemical
conditions given the presence of labile organic compounds. Archaeal taxa were not detected in
these communities. This suggests that the carbon and nitrogen addition selected for heterotrophic
organisms and against methanogenic or acetogenic organisms (autotrophs).

CONCLUSION
We have shown that microbial communities of pumped and bailed samples were
phylogenetically distinct, composed of different abundant taxa, and the bailed samples hosted
much higher diversity than pumped samples. This discrepancy may be due to the fact that water
samples from bailed samples were collected following retrieval of a sponge deployment (all
Aug15 sponges) and deployment of the caliper tool, borehole CTD instrument, and vertical flow
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meter. It is likely that the retrieval of sponges and subsequent deployment of these instruments
disturbed surface-attached microbial communities throughout the borehole, perhaps explaining
the similarity in abundant taxa detected in both bailed water samples and colonized synthetic
sponges. Furthermore, anaerobic corrosion of the low-carbon steel borehole casing resulted in
production of H2, a source of energy for chemotrophic microorganisms, which likely imposed
selective pressures on the bailed microbial communities. Thus, we argue that the 2007 and 2011
pumped samples most accurately reflect planktonic microbial life in the Lower Carbonate
Aquifer and urge caution when interpreting microbial community structure obtained from bailed
water samples in boreholes.
Mantel tests indicated that sponge-colonized microbial community composition and
structure were dictated by depth within BLM1. Coincidentally, depth also correlates directly with
environmental conditions (pH, temperature, ORP, etc.), so any one of these parameters, or a
combination of these parameters, could be responsible for shaping microbial community
composition and structure, as has been shown by Gihring et al. (2007) in other subsurface
habitats. Furthermore, like the bailed samples collected at 579 and 752 mbls in a static borehole,
the sponge communities were more diverse and compositionally different compared to pumped
samples. As the vast majority of cells in the subsurface are likely found in an attached state,
either attached to sediment particles or fracture surfaces (Pfiffner et al., 2007; Wanger et al.,
2007; McMahon and Parnell, 2014), this result is not surprising and suggests that water samples
from subsurface environments represent just a fraction of the diversity harbored in subsurface
biofilms.
Finally, natural sea sponge-colonized microbial communities, and communities of
synthetic sponges incubated in close proximity, were dominated by taxa found in low
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abundances when sea sponges were absent. Microorganisms in the deep subsurface biosphere are
predicted to have low metabolic rates, long generation times, and low energy and power
requirements to sustain life (Phelps et al., 1994; D'Hondt et al., 2002; Lin et al., 2006; LaRowe
and Amend, 2015b; a). Although microbial activity was never explicitly tested, the radical shift
in microbial communities dominated by putative chemolithoautotrophs to communities
dominated by heterotrophic organisms following incubation of natural sea sponges implies that
deep subsurface-derived microbial communities are active and that growth of specific
physiotypes can be stimulated by inputs of carbon and energy sources.
Our analysis of planktonic and surface-colonized microorganisms throughout BLM1, a
window into the deep terrestrial biosphere, has revealed microbial communities dominated by
yet-to-be cultivated, phylogenetically deeply branching taxa, including candidate division
Acetothermia, candidate division Aminicenantes, Candidatus Desulforudis, Hadesarchaea, and
novel lineages in the Nitrospirae family. Many of these taxa have been found in a variety of
terrestrial deep biosphere sites, including ultradeep mines in South Africa (Moser et al., 2003;
Onstott et al., 2003; Moser et al., 2005; Lau et al., 2014; Magnabosco et al., 2014; Lau et al.,
2016) and the United States (Osburn et al., 2014; Momper et al., 2017a; Momper et al., 2017b),
the Outokumpu deep borehole in the Fennoscandian Shield (Itavaara et al., 2011; Purkamo et al.,
2016; Purkamo et al., 2017), and deep boreholes in Western Siberia (Frank et al., 2016a; Frank et
al., 2016b; Kadnikov et al., 2017; Kadnikov et al., 2018a). These observations further suggest
that the deep terrestrial biosphere is a repository of novel diversity and warrants additional
investigation into the metabolic diversity and activity of terrestrial deep subsurface microbial
communities.
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CHAPTER 3 SUPPLEMENTARY MATERIAL

Figure S3.1. Non-metric multidimensional scaling ordination of unweighted UniFrac distances
for all planktonic and sponge-colonized samples included in this study. Each point on the
ordination represents a single sample. Symbol shape corresponds with sample type (circles =
synthetic sponges, diamonds = natural sponges, squares = pumped samples, triangles = bailed
samples). The depth at which the sample was incubated or collected is indicated by the shade of
grey, with depth increasing with darkness.
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Figure S3.2. Non-metric multidimensional scaling ordination of abundance-weighted UniFrac
distances for all synthetic sponge-colonized samples incubated at or below 100 mbls. Each point
on the ordination represents a single sample. Symbol shape corresponds with the date of
deployment recovery (circles = Feb 2015, squares = Aug 2015, diamonds = Nov 2015, triangles
= Feb 2016, and upside-down triangles = May 2016). The depth at which the sample was
incubated or collected is indicated by the shade of grey, with depth increasing with darkness.
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Figure S3.3. Non-metric multidimensional scaling ordination of unweighted UniFrac distances
for all synthetic sponge-colonized samples incubated at or below 100 mbls. Each point on the
ordination represents a single sample. Symbol shape corresponds with the date of deployment
recovery (circles = Feb 2015, squares = Aug 2015, diamonds = Nov 2015, triangles = Feb 2016,
and upside-down triangles = May 2016). The depth at which the sample was incubated or
collected is indicated by the shade of grey, with depth increasing with darkness.
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Table S3.1. Gibbs energies in units of kJ per mole (kJ mol-1) of limiting reactant and in units of
Joules per kilogram of water (J kg-1 H2O) (energy density) for metabolic reactions considered in
this study.
No.

Reaction

O2 AS ELECTRON ACCEPTOR
1
O2 + 2H2 = H2O
2
O2 + 6Fe++ + 6H2O = 2Fe3O4 + 12H+
3
O2 + 2Mn++ + 2H2O = 2MnO2 + 2 H+
4
3O2 + 4NH4+ + = 6H2O + 4H+ + 2N2
5
2O2 + NH4+ = H2O + 2 H+ + NO3–
6
O2 + 2HS– + 2H+ = 2S0 + 2H2O
7
2O2 + HS– = H+ + SO42–
8
3O2 + 2CH4 = 4H2O + 2CO
9
2O2 + CH4 = H2O + H+ + HCO3–
10
O2 + 2CO + 2H2O = 2HCO3– + 2H+
11
O2 + 2Formate = 2HCO3–
12
2O2 + Acetate = 2HCO3– + H+
NO3- AS ELECTRON ACCEPTOR
13
2NO3– + 5H2 + 2H+ = N2 + 6H2O
14
2NO3– + 15Fe++ + 14H2O = 5Fe3O4 + 28H+ + N2
15
2NO3– + 4H2O + 5Mn++ = 5MnO2 + 8H+ + N2
16
2NO3– + 7H+ + 5HS–= 5S0 + 6H2O + N2
17
8NO3– + 5HS– + 3H+ = 5SO42– + 4N2 + 4H2O
18
6NO3– + 5CH4 + 6H+ = 5CO + 13H2O + 3N2
19
8NO3– + 5CH4 + 3H+ = 4N2 + 5HCO3– + 9H2O
20
2NO3– + 5CO + 4H2O = 5HCO3– + 3H+ + N2
21
NO3– + 2 H+ + 4 H2 = NH4+ + 3 H2O
22
NO3– + 13H2O + 12Fe++ = 4Fe3O4 + 22H+ + NH4+
23
NO3– + 5H2O + 4Mn++ = 4MnO2 + 6H+ + NH4+
24
NO3– + 6H+ + 4HS– = 4S0 + 3H2O + NH4+
25
NO3– + HS– + H+ + H2O = SO42– + NH4+
26
3NO3– + 4CH4 + 6H+ = 4CO + 5H2O + 3NH4+
27
NO3– + CH4 + H+ = NH4+ + HCO3–
28
NO3– + 4CO + 5H2O = 4HCO3– + 2H+ + NH4+
29
8NO3– + 5Acetate + 3H+ = 5HCO3– + 4H2O + 4N2
30
NO3– + Acetate + H+ + H2O = 2HCO3– + NH4+
31
2NO3– + 5Formate + 2H+ = 5HCO3– + H2O + N2
32
NO3– + 4Formate + 2H+ + H2O = 4HCO3– + NH4+
SO42- AS ELECTRON ACCEPTOR
33
SO42– + 4 H2 + H+ = HS– + 4 H2O
34
SO42– + 12H2O + 12Fe++ = 4Fe3O4 + HS– + 23H+
35
SO42– + 4H2O + 4Mn++ = 4MnO2 + HS– + 7H+
36
3SO42– + 8NH4+ = 3HS– + 12H2O + 5H+ + 4N2
37
SO42– + NH4+ = HS– + H2O + H+ + NO3–
38
3SO42– + 4CH4 + 3H+ = 4CO + 3HS– + 8H2O
39
SO42– + CH4 = HS– + H2O + HCO3–
40
SO42– + 4CO + 4H2O = HS– + 4HCO3– + 3H+
41
SO42– + 3H2 + 2H+ = S0 + 4H2O
42
SO42– + 8H2O + 9Fe++ = 3Fe3O4 + S0 + 16H+
43
SO42– + 2H2O + 3Mn++ = 3MnO2 + S0 + 4H+
44
SO42– + 2NH4+ = S0 + N2 + 4H2O
45
4SO42– + 3NH4+ + 2H+ = 4S0 + 7H2O + 3NO3–
46
SO42– + 3HS– + 5H+ = 4S0 + 4H2O
47
SO42– + CH4 + 2H+ = CO +S0 + 3H2O
48
4SO42– + 3CH4 + 5H+ = 4S0 + 7H2O + 3HCO3–
49
SO42– + 3CO + 2H2O = S0 + 3HCO3– + H+
50
SO42– + Acetate = 2HCO3– + HS–
51
SO42– + 4Formate + H+ = 4HCO3– + HS–
CO AS ELECTRON ACCEPTOR
52
CO + 3H2 = CH4 + H2O
53
CO + 11H2O + 9Fe++ = 3Fe3O4 + CH4 + 18H+
54
CO + 5H2O + 3Mn++ = 3MnO2 + CH4 + 6H+

579 mbls
ΔGr (kJ mol-1)
ΔGr (J kg-1 H2O)

752 mbls
ΔGr (kJ mol-1)
ΔGr (J kg-1 H2O)

-223.9 (-165.9)b
-217.1 (-159.2)b
-53.16 (4.762)b
-267.8 (-86.38)b
-328.1a (-1.849)b
608 (665.9)b
106.8 (338.5)b
-533.5 (-363.9)b
-696.9 (-465.2)b
-264 (-206.1)b
–
–

2.329c (0)d
0.195c (0)d
0.002c (0)d
0.001c (0)d
0.001c (0)d
0c (0)d
0c (0)d
5.548c (0)d
7.248c (0)d
1.592c (0)d
–
–

-148.4e (-35.91)f
-126.3 (-135.4)f
16.71 (11.39)f
-120.3 (-128.3)f
-26.51e (-142.3)f
388.3 (383)f
87.54 (66.24)f
-338.2 (-464.8)f
-441.6 (-462.9)f
-184.6e (-79.34)f
-145.4 (-150.7)f
-280.8 (-291.5)f

1.039g (0)h
0.183g (0)h
0.029g (0)h
1.636g (0)h
0.361g (0)h
0g (0)h
0g (0)h
3.416g (0)h
4.46g (0)h
2.511g (0)h
1.977g (0)h
0.477g (0)h

-996.5
-174
-22.43
632.6
103.2
-456.1
-694.4
-238.3
-567.4a (-661.9)b
-116.6a (-140.2)b
35.03a (11.39)b
690a (666.4)b
328.1a (233.5)b
-292.1a (-363)b
-475.7a (-570.2)b
-183.6a (-207.2)b
–
–
–
–

1.425
0.156
0.001
0
0
0.652
0.993
0.341
0.811
0.105
0.001
0c (0)d
0c (0)d
0.418
0.68
0.263
–
–
–
–

-929.5e (-151.5)f
-148.6e (-110.8)f
-14.46e (23.33)f
350.8e (388.6)f
-144.9e (6.21)f
-446.9e (-444.1)f
-667.8e (-516.6)f
-220.8e (-72.46)f
-567.1e (-1.367)f
-104.4e (-80.82)f
29.67e (53.29)f
395e (418.6)f
26.51e (121)f
-323.1e (-362.8)f
-502.6e (-408.2)f
-186.8e (-45.35)f
-353.3e (-277.7)f
-270.7e (-223.5)f
-181.6e (-143.8)f
-140.3e (-116.9)f

0.001g (0)h
0g (0)h
0g (0)h
0g (0)h
0g (0)h
0.001g (0)h
0.001g (0)h
0g (0)h
0.001g (0)h
0g (0)h
0g (0)h
0g (0)h
0g (0)h
0g (0)h
0.001g (0)h
0g (0)h
0.001g (0)h
0g (0)h
0g (0)h
0g (0)h

-1284
-198.6
–42.36
-711.1a (-459)b
-328.1a (-233.5)b
-533.5
-797.6 (-264)b
-264
-38.9
4.102
155.7
99.32a (288.4)b
372.8a (443.7)b
614.2
80.67
16.01
-59.32
–
–

258.084
0.179
0.002
0.003c (0)d
0.001c (0)d
53.35
79.76
1.592
7.819
0.004
0.006
0c (0)d
0.001c (0)d
0
8.067
1.601
0.358
–
–

-593.6e (-122.3)f
-111.1
23.04
-303.8
-26.51e (-121)f
-338.2e (-448.8)f
-522.8 (-184.6)f
-184.6e (-74.01)f
-31.57e (321.9)f
18.37
152.5
173.1
379.5e (308.7)f
394.7
56.41e (-54.15)f
2.541
-53.02e (57.54)f
-280.8
-145.4

4.155g (0)h
0.161
0.041
4.83
0.422
3.416
5.28
0.092g (0)h
0.221g (0)h
0.027
0.268
2.752
6.034
0
0.57
0.026
0.027g (0)h
0.477
0.135

-119.6
-39.23
124.7

0.721
0.035
0.005

-87.98e (376)f
-17.3e (19.56)f
129.5e (166.3)f

0.044g (0)h
0.009g (0)h
0.065g (0)h
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55
CO + 2NH4+ = N2 + CH4 + H2O + 2H+
18.65a (207.8)b
0c (0)d
116.7e (227.3)f
56
4CO + 5H2O + 3NH4+ = 3NO3– + 4CH4 + 6H+
292.1a (363)b
0.001c (0)d
323.1e (362.8)f
57
CO + 3HS– + 3H+ = CH4 + H2O + 3S0
2376
0
1522e (1633)f
58
4CO + 3HS– + 8H2O = 4CH4 + 3H+ + 3SO42–
533.5
0
338.2e (448.8)f
HCO3- AS ELECTRON ACCEPTOR
59
HCO3– + 4H2 + H+ = CH4 + 3H2O
-91.71
18.434
-64.46e (406.8)f
60
HCO3– + 13H2O + 12Fe++ = 4Fe3O4 + CH4 + 23H+
2.825
0.003
21.22
61
HCO3– + 5H2O + 4Mn++ = 4MnO2 + CH4 + 7H+
153.9
0.006
155.3
62
3HCO3– + 8NH4+ = 4N2 + 9H2O + 3CH4 + 5H+
69.44a (258.5)b
0c (0)d
156.3
63
HCO3– + NH4+ = CH4 + H+ + NO3–
475.7a (570.2)b
0.002c (0)d
502.6e (408.2)f
64
HCO3– + 5H+ + 4HS– = 4S0 + CH4 + 3H2O
813.6
0
525.4
65
HCO3– + HS– + H2O = CH4 + SO42–
803.7
0
529.1
66
HCO3– + H2 + H+ = CO + 2H2O
46.35
9.316
42.5e (49.75)f
67
HCO3– + 2H2O + 3Fe++ = CO + Fe3O4 + 5H+
46.98
0.042
54.53e (-56.03)f
68
HCO3– + Mn++ = CO + MnO2 + H+
210.9
0.008
201.3e (90.73)f
–
+
+
a
b
d
69
3HCO3 + H + 2NH4 = 3CO + N2 + 6H2O
92.43 (155.5)
0 (0)
110.7e (0.1607)f
70
4HCO3– + 2H+ + NH4+ = 4CO + NO3– + 5H2O
183.6a (207.2)b
0.001 (0)d
179.5e (45.35)f
–
+
–
0
71
HCO3 + 2H + HS = CO + S + 2H2O
878.2
0
579.2e (468.7)f
72
4HCO3– + HS– + 3H+ = 4CO + 4H2O + SO42–
264
0
184.6e (74.01)f
–
+
73
3HCO3 + CH4 + 3H = 4CO + 5H2O
64.66
6.466
53.87e (-56.69)f
74
2HCO3– + H+ + 4H2 = Acetate + 4H2O
–
–
-4.172e (231.5)f
–
75
HCO3 + H2 = Formate + H2O
–
–
3.283e (121.1)f
76
HCO3– + CH4 = Acetate + H2O
–
–
38.81
77
3HCO3– + CH4 = 4Formate + H+ + H2O
–
–
-19.54
Aqueous forms were used for CH4, CO, H2, N2, and O2.
a
Activity value of 3.56975 x 10-9 (equivalent to MDL) used for NH4+.
b
Activity value of 1.66 x 10-24 (equivalent to 1 molecule L-1) used for O2 and/or NH4+.
c
Concentration of 3.56975 x 10-9 M used for NH4+.
d
Concentration of 1.66 x 10-24 M used for NH4+
e
Activity value of 5 x 10-7 used for CO, 7 x 10-6 used for H2, and 1.4279 x 10-9 used for NO3- (all equivalent to MDL).
f
Activity value of 1.66 x 10-24 (equivalent to 1 molecule L-1) used for CO, H2, NO3-, and O2.
g
Concentration of 5 x 10-7 M used for CO, 7 x 10-6 M used for H2, and 1.4279 x 10-9 M used for NO3-.
h
Concentration of 1.66 x 10-24 M used for CO, H2, NO3-, and O2
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0.058g (0)h
0.162g (0)h
0g (0)h
0g (0)h
0.451g (0)h
0.031
0.273
2.485
7.991
0
0
0.298g (0)h
0.079
0.354
1.76
2.854
0
0
0.544
0.007g (0)h
0.023g (0)h
0.392
0.197

Table S3.2. In situ sponge incubation deployments and recoveries.
Deployment Date

a

Recovery Date

5 November 2014

5 February 2015

5 February 2015

19 August 2015

21 August 2015

5 November 2015

5 November 2015

4 February 2016

4 February 2016

11 May 2016

Sample Name
3m.Feb15
79m.Feb15
155m.Feb15
232m.Feb15
308m.Feb15
384m.Feb15
460m.Feb15
491m.Feb15
521m.Feb15
552m.Feb15
582m.Feb15
613m.Feb15
643m.Feb15
704m.Feb15
735m.Feb15
765m.Feb15
40m.Aug15
132m.Aug15
223m.Aug15
315m.Aug15
406m.Aug15
497m.Aug15
528m.Aug15
558m.Aug15
589m.Aug15
619m.Aug15
648m.Aug15
679m.Aug15
709m.Aug15
740m.Aug15
770m.Aug15
30m.Nov15
122m.Nov15
213m.Nov15
305m.Nov15
396m.Nov15
488m.Nov15
579m.Nov15
NS.579m.Nov15
691m.Nov15
721m.Nov15
753m.Nov15
31m.Feb16
174m.Feb16
357m.Feb16
539m.Feb16
NS.539m.Feb16
681m.Feb16
752m.Feb16
30m.May16
213m.May16
396m.May16
579m.May16
688m.May16
749m.May16

Depth
(mbls)a
3
79
155
232
308
384
460
491
521
552
582
613
643
704
735
765
40
132
223
315
406
497
528
558
589
619
648
679
709
740
770
30
122
213
305
396
488
579
579
691
721
753
31
174
357
539
539
681
752
30
213
396
579
688
749

meters below land surface
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Sponge
Material
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Natural
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Natural
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic

Table S3.3: Alpha diversity metrics. Values are reported as averages ± standard deviation based
on 100 rarefied tables of 10,000 sequences per sample.
Observed OTU
Richness

Shannon Index

Faith’s PD

108 ± 0
117 ± 0

5.73 ± 0.01
5.91 ± 0.01

1.66 ± 0
1.58 ± 0

81 ± 0
43 ± 0
102 ± 0
164 ± 0

4.49 ± 0.02
3.29 ± 0.02
5.09 ± 0.02
6.35 ± 0.02

2.38 ± 0
3.10 ± 0
2.81 ± 0
4.80 ± 0

290 ± 0
203 ± 0
210 ± 0
195 ± 0
187 ± 0
189 ± 0
153 ± 0
181 ± 0
179 ± 0
169 ± 0
187 ± 0
178 ± 0
182 ± 0
184 ± 0
143 ± 0
193 ± 0
218 ± 0
212 ± 0
206 ± 0
197 ± 0
174 ± 0
168 ± 0
168 ± 0
200 ± 0
171 ± 0
178 ± 0
185 ± 0
193 ± 0
190 ± 0
208 ± 0
216 ± 0
190 ± 0
211 ± 0
206 ± 0
204 ± 0
171 ± 0
202 ± 0
181 ± 0

7.87 ± 0.01
6.96 ± 0.01
7.06 ± 0.01
6.93 ± 0.01
6.83 ± 0.01
6.84 ± 0.01
6.41 ± 0.01
6.64 ± 0.02
6.67 ± 0.01
6.61 ± 0.01
6.87 ± 0.00
6.68 ± 0.01
6.79 ± 0.01
6.75 ± 0.01
5.95 ± 0.02
6.85 ± 0.01
7.23 ± 0.01
7.12 ± 0.01
7.01 ± 0.01
6.96 ± 0.01
6.69 ± 0.01
6.54 ± 0.02
6.42 ± 0.02
7.01 ± 0.01
6.66 ± 0.01
6.65 ± 0.02
6.67 ± 0.01
6.88 ± 0.01
6.97 ± 0.01
7.14 ± 0.01
7.11 ± 0.01
6.66 ± 0.02
7.04 ± 0.01
7.04 ± 0.01
7.03 ± 0.01
6.57 ± 0.01
7.10 ± 0.01
6.65 ± 0.01

5.29 ± 0
5.95 ± 0
5.73 ± 0
3.95 ± 0
5.28 ± 0
3.99 ± 0
5.06 ± 0
4.01 ± 0
4.23 ± 0
8.18 ± 0
4.26 ± 0
3.94 ± 0
4.42 ± 0
4.50 ± 0
4.30 ± 0
4.87 ± 0
6.32 ± 0
4.47 ± 0
4.08 ± 0
4.13 ± 0
3.81 ± 0
3.97 ± 0
4.46 ± 0
4.49 ± 0
4.37 ± 0
4.45 ± 0
5.15 ± 0
4.66 ± 0
4.72 ± 0
5.42 ± 0
5.53 ± 0
5.76 ± 0
6.08 ± 0
4.83 ± 0
4.82 ± 0
4.42 ± 0
4.78 ± 0
4.43 ± 0

Controls
NSEC
SWC
Planktonic
Pump.Dec07
Pump.Jun11
Bailed579m.Aug15
Bailed752m.Aug15
Sponges
3m.Feb15
79m.Feb15
155m.Feb15
232m.Feb15
308m.Feb15
384m.Feb15
460m.Feb15
491m.Feb15
521m.Feb15
552m.Feb15
582m.Feb15
613m.Feb15
643m.Feb15
704m.Feb15
735m.Feb15
765m.Feb15
40m.Aug15
132m.Aug15
223m.Aug15
315m.Aug15
406m.Aug15
497m.Aug15
528m.Aug15
558m.Aug15
589m.Aug15
619m.Aug15
648m.Aug15
679m.Aug15
709m.Aug15
740m.Aug15
770m.Aug15
30m.Nov15
122m.Nov15
213m.Nov15
305m.Nov15
396m.Nov15
488m.Nov15
579m.Nov15
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NS.579m.Nov15
691m.Nov15
721m.Nov15
753m.Nov15
31m.Feb16
174m.Feb16
357m.Feb16
539m.Feb16
NS.579m.Feb16
681m.Feb16
752m.Feb16
30m.May16
213m.May16
396m.May16
579m.May16
688m.May16
749m.May16

159 ± 0
215 ± 0
198 ± 0
221 ± 0
196 ± 0
218 ± 0
189 ± 0
134 ± 0
135 ± 0
193 ± 0
214 ± 0
175 ± 0
213 ± 0
193 ± 0
192 ± 0
193 ± 0
206 ± 0

6.38 ± 0.02
7.30 ± 0.01
7.02 ± 0.01
7.25 ± 0.01
6.95 ± 0.01
7.19 ± 0.01
6.96 ± 0.01
5.97 ± 0.02
6.07 ± 0.02
6.92 ± 0.01
7.17 ± 0.01
6.69 ± 0.01
7.13 ± 0.01
7.02 ± 0.01
6.98 ± 0.01
6.85 ± 0.01
6.70 ± 0.02

2.83 ± 0
4.93 ± 0
5.82 ± 0
5.95 ± 0
8.36 ± 0
6.48 ± 0
5.90 ± 0
3.76 ± 0
2.61 ± 0
5.21 ± 0
7.67 ± 0
6.19 ± 0
6.59 ± 0
5.83 ± 0
4.73 ± 0
6.78 ± 0
7.06 ± 0

Appendix S3.1. Sheet 1: Unrarefied OTU table including OTU numbers, taxonomy, and OTU
counts. BLAST-assigned taxonomy was derived from the SILVA 128 reference database at 99%
sequence identity (k = kingdom, p = phylum, c = class, o = order, f = family, g = genus, s =
species). Sheet 2: Abundances of phyla detected in each sample. The Proteobacteria have been
subdivided into classes. The appendix is available for download here:
http://dx.doi.org/10.17632/j6kc9n4hwn.1

124

CHAPTER 4 – SINGLE-CELL GENOMICS REVEALS A SACCHAROLYTIC,
FERMENTATIVE LIFESTYLE OF NOVEL UNCULTURED KIRITIMATIELLAE
INHABITING A 750-METER-DEEP CONTINENTAL BOREHOLE

Joshua D. Sackett1,2,3, Brittany R. Kruger1,2, Eric D. Becraft4,5, Jessica K. Jarett6, Penelope S.
Borg2,3, Ramunas Stepanauskas4, Tanja Woyke6, and Duane P. Moser1,2,*

1

Division of Earth and Ecosystems Sciences, Desert Research Institute, Las Vegas, NV, United
States
2

Division of Hydrologic Sciences, Desert Research Institute, Las Vegas, NV, United States

3

School of Life Sciences, University of Nevada Las Vegas, Las Vegas, NV, United States

4

Bigelow Laboratory for Ocean Sciences, East Boothbay, ME, United States

5

Department of Biology, University of North Alabama, Florence, AL, United States

6

Joint Genome Institute, Walnut Creek, CA, United States

*Corresponding author
Duane P. Moser: duane.moser@dri.edu; Phone 702-862-5534; Fax 702-862-5360

125

ABSTRACT
The Kiritimatiellae class of Verrucomicrobiota (previously the phylum Kiritimatiellaeota and
Verrucomicrobia subdivision 5) are globally distributed and are found to inhabit a variety of
environments, although to date only a single representative from an anoxic, hypersaline
microbial mat has been cultivated and physiologically and genomically characterized. To obtain
a greater understanding of the metabolic potential of Kiritimatiellae inhabiting the deep
terrestrial subsurface, we analyzed four phylogenetically distinct, nearly identical Kiritimatiellae
single-cell genomes sampled from deep terrestrial subsurface aquifer fluids of the Death Valley
Regional Flow System, USA. De novo assemblies of the four genomes ranged from 0.4–2.6
Mbps with genome completeness estimates of up to 69%, predicted genome sizes of 3.8–4.2
Mbps, and GC content 62%. These four genomes have identical 16S rRNA gene sequences and
average nucleotide identity from 96% to 99.75%, which may indicate a near-clonal population of
Kiritimatiellae in BLM1. Genome assemblies encoded an atypical Embden-Meyerhof-Parnas
pathway lacking pyruvate kinase, a nearly complete pentose phosphate pathway, and several of
the genes involved in the tricarboxylic acid cycle. Genomes also encoded genes involved in
nitrite reduction to ammonia (NrfAH), thiosulfate oxidation to tetrathionate (DoxD), and
cytochrome bd ubiquinol oxidase (CydAB), although cytochrome bd ubiquinol oxidase likely
serves as a mechanism for removal of dioxygen as has been observed in some obligate
anaerobes. Putative geochemical assessment coupled with analysis of genes encoded in genome
assemblies suggest the potential for a saccharolytic, fermentative lifestyle with glucose,
mannose, and N-acetylglucosamine as likely carbon substrates.
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INTRODUCTION
The terrestrial deep subsurface is considered the second largest biome on earth (Whitman
et al., 1998), yet it remains one of the least understood (Lopez-Fernandez et al., 2018) due to the
difficulty in accessing deep subsurface environments while also minimizing or preventing
surface contamination. Organisms inhabiting the terrestrial deep biosphere are isolated from
inputs of photoautotrophy and, due to the scarcity of fixed carbon and energy sources, have low
metabolic rates and long generation times (Phelps et al., 1994; D'Hondt et al., 2002; Lin et al.,
2006). Despite of some of the challenges to subsurface sample collection and analysis, these
environments have been described as ‘biodiversity hotspots (Anantharaman et al., 2016;
Hernsdorf et al., 2017), reflecting the presence and abundance of uncultivated lineages and of
deeply branching bacterial and archaeal phyla (Chivian et al., 2008; Itävaara et al., 2011; Rinke
et al., 2013; Brown et al., 2015; Probst et al., 2018). Recent innovations and advancements in
metagenomics and single-cell genomics have facilitated the rapid expansion in our knowledge
and understanding of metabolic potential and evolutionary histories of many Bacterial and
Archaeal lineages lacking cultivated representatives (Rinke et al., 2013; Brown et al., 2015;
Anantharaman et al., 2016; Hug et al., 2016; Vavourakis et al., 2016; Becraft et al., 2017; Parks
et al., 2017; Stepanauskas et al., 2017).
Analysis of 16S rRNA gene amplicon libraries from hot, anoxic subsurface fluids
collected at 752 meters below land surface from borehole BLM1 have identified a microbial
community dominated by uncultivated members of the Nitrospirae, Firmicutes, Acetothermia,
and Hadesarchaea (see Chapter 3). Additionally, although not particularly abundant (~0.5%
relative abundance), members of the Kiritimatiellae class of Verrucomicrobiota were detected.
The Kiritimatiellae, taxonomically reclassified as a class-level linage within the
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Verrucomicrobiota (Parks et al., 2018) from the phylum Kiritimatiellaeota (Spring et al., 2016)
[previously Verrucomicrobia Subdivision 5 (Hugenholtz et al., 1998)] are globally distributed,
and are found in diverse environments, such as vertebrate intestines (Shepherd et al., 2012), soils
(He et al., 2012), and marine environments (Cardman et al., 2014; Spring et al., 2015; Spring et
al., 2016). However, despite their cosmopolitan distribution and prevalence in 16S rRNA gene
amplicon surveys, little is known about the genomic diversity, physiology, and ecology of these
organisms, especially in deep terrestrial subsurface environments.
To date, a single pure culture representative of the Kiritimatiellae (Kiritimatiella
glycovorans L21-Fru-ABT), originally isolated from an anoxic cyanobacterial mat from a
hypersaline lake on the Kiritimati Atoll, has been cultivated and phenotypically and genomically
characterized (Spring et al., 2015; Spring et al., 2016). In line with previous observations of
polysaccharide degradation by members of this group (Cardman et al., 2014), cultivation studies
and genomic analysis of K. glycovorans L21-Fru-ABT indicate that this organism is saccharolytic
and derives energy via fermentation of D-glucose, N-acetylglucosamine, D-mannose, or Dxylose (Spring et al., 2016).
To obtain a greater understanding of the ecological role of this Kiritimatiellae in the
terrestrial deep biosphere, we analyzed four draft single-cell Kiritimatiellae genomes obtained
from fault-associated paleometeoric water from the discharge zone of the Death Valley Regional
Flow System collected at a depth of 752 meters below land surface. We present a comprehensive
reconstruction of the metabolic pathways encoded in the single-cell genomes within the
environmental context of BLM1, the first genomic characterization of Kiritimatiellae from the
terrestrial deep biosphere.
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MATERIALS AND METHODS
Site description
Borehole BLM1 (36.4004N, -116.4692W, 694 masl), located at the base of the western
flank of the Funeral Mountains in Inyo County, California, was drilled to a depth of 883.5 m
below land surface (mbls) in 2007 to monitor groundwater flow through the Death Valley
Regional Flow System. The borehole bisects lithologies ranging from lake sediments and
volcanic tuff, to valley fill alluvium, and ultimately intersects hydrologically conductive
Paleozoic carbonates (Hidden Valley Dolomite) at 748 mbls. BLM1 is cased in unscreened lowcarbon steel to a depth of 750 mbls with partially collapsed open-hole completion below.
Additional site information is available elsewhere (see Chapter 3).

Field sample collection
Water samples were collected from BLM1 on 20 August 2015 at a depth of 752 mbls
with a Comprobe fluid sampler (Comprobe, Inc., Fort Worth, TX), rinsed with 90% ethanol and
filled with argon gas prior to deployment. Prior to sample collection in situ, the argon gas was
released and the instrument filled with water before being sealed and retrieved. Water samples
were collected and processed for aqueous geochemical analysis and microbial community
surveys (see Chapter 3). For single-cell genomics, 1 mL subsamples were preserved with 5%
glycerol and 1X tris-EDTA buffer (final concentrations), frozen on dry ice in the field, and
stored at -80°C until analysis.

Single-cell genomics
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The generation, identification, sequencing, and de novo assembly of single amplified
genomes (SAGs) was performed at the Bigelow Laboratory Single-Cell Genomics Center
(scgc.bigelow.org). Cryopreserved samples were thawed, pre-screened through a 40μm nylon
mesh cell strainer (Becton Dickinson, Franklin Lakes, NJ), and incubated with the SYTO-9 DNA
stain (Thermo Fisher Scientific, Waltham, MA) at a final concentration of 5 μM for 10—60
minutes. Fluorescence activated cell sorting, cell size estimates, cell lysis, DNA amplification
with WGA-X, Illumina sequencing, de novo genome assembly, and quality control were
performed as previously described (Stepanauskas et al., 2017). Briefly, sequencing reads for each
single amplified genome (SAG) were quality trimmed using Trimmomatic v0.32 (Bolger et al.,
2014) and assembled into contigs with SPAdes v3.9.0 (Bankevich et al., 2012) according to the
assembly parameters described in Stepanauskas et al. (2017). This workflow was evaluated for
assembly errors using three bacterial benchmark cultures with diverse genome complexity and
G+C mol%, indicating 60% average genome recovery, no non-target or undefined bases, and the
following average frequencies of misassemblies, indels, and mismatches per 100 kbp: 1.5, 3.0,
and 5.0.
Genome completeness and potential contamination were estimated with CheckM (Parks
et al., 2015). Predicted genome size was calculated by dividing assembly size by estimated
genome completeness. The quality of each SAG assembly was determined according to the
MISAG standards (Bowers et al., 2017). Protein-encoding regions were identified with RAST
(Aziz et al., 2008) and genes were annotated with Koala (KEGG) (Kanehisa et al., 2016) and
InterProScan 5 (Jones et al., 2014). Protein-encoding genes in SAGs were analyzed for the
presence of carbohydrate-active enzymes (CAZymes) (Lombard et al., 2014) using the dbCAN2
automated carbohydrate-active enzyme annotation server (Yin et al., 2012; Zhang et al., 2018).
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Proteins annotated as CAZymes by a minimum of two independent methods (any combination of
pHMMER [hidden Markov model-based annotation], DIAMOND (Buchfink et al., 2015)
[sequence alignment-based annotation], or Hotpep (Busk et al., 2017) [peptide pattern
recognition-based annotation]) were considered positive hits. Protein-encoding genes were
analyzed for the presence of peptidases by performing pHMMER-based searches of the
MEROPS database (Rawlings et al., 2018). Average nucleotide identity (ANI) of reciprocal hits
between genome assemblies were calculated using the online ANI Calculator (available from
http://enve-omics.ce.gatech.edu/ani/) (Goris et al., 2007; Rodriguez-R and Konstantinidis, 2014;
Rodriguez-R and Konstantinidis, 2016).
Taxonomy and taxonomic ranks of the four SAGs were assigned using GTDB-Tk (Parks
et al., 2018), a method which employs relative evolutionary divergence (Parks et al., 2017) of
concatenated protein phylogenies of 120 single-copy marker genes. The 16S rRNA gene
sequence was used as query in BLASTn searches for similar sequences in the NCBI nucleotide
database and yielded 66 sequences with ≥85% nucleotide identity and ≥ 1300 base pairs in
length, after collapsing highly similar sequences (sequences >98.7% nucleotide identity
(Stackebrandt and Ebers, 2006)). The 16S rRNA gene sequences were aligned with SINA
alignment software (Pruesse et al., 2012). Phylogenetic trees were inferred by MEGA X (Kumar
et al., 2018) using the maximum likelihood method based on the General Time Reversible (GTR)
model, with a Gamma distribution with invariable sites (G+I) to model evolutionary rate
differences among sites, and 95% partial deletion for 1,000 replicate bootstraps.
All Kiritimatiellae genome assemblies in the August 19, 2018, release of Genome
Taxonomy Database (GTDB) (Parks et al., 2018) (Release 03-RS86) were obtained and proteinencoding regions in each assembly were identified with RAST (Aziz et al., 2008). Average
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amino acid identity of reciprocal hits between all genomes in GTDB and the four SAGs
generated in this study were calculated using the online AAI calculator (available from
http://enve-omics.ce.gatech.edu/g-matrix/) (Goris et al., 2007; Rodriguez-R and Konstantinidis,
2016). Genome completeness and potential contamination of all genomes in GTDB were
estimated with CheckM (Parks et al., 2015).

Data availability
Single amplified genome assemblies and annotations have been deposited in the Joint
Genome Institute’s Integrated Microbial Genomes and Microbiomes database (JGI IMG/M)
under accession numbers 3300022259, 3300022272, 3300022292, and 3300022301.

RESULTS AND DISCUSSION
Environmental context
Physical and chemical parameters of fluids collected at 752 meters below land surface in
BLM1 are presented in Chapter 3 and in Table S4.1. Water temperature was 57.2°C, pH was
6.92, oxidation-reduction potential was -242.0 mV, and dissolved oxygen concentration was
measured at 0.43 mg L-1. Dissolved oxygen concentrations were cross-validated with a
colorimetric low-range dissolved oxygen CHEMets test kit (CHEMetrics, Inc. Midland, VA),
which indicated that the dissolved oxygen concentration was below detection (0.025 mg L-1).
Fluids were Na+/SO42- dominated and were characterized by sodium > sulfate > chloride >
calcium >magnesium. The concentration of dissolved organic carbon was 0.431 mg L-1 of which
acetate and formate comprised 0.1 and 0.042 mg L-1, respectively. Dissolved nitrate and nitrite
were below detection (<0.02 and <0.01 mg L-1 as N) and the concentration of dissolved
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orthophosphate was low (0.04 mg L-1 as P). Dissolved gases were dominated by CO2 (0.5 mM),
N2 (0.3 mM), and methane (0.4 mM). Dissolved CO and H2 were below detection (<0.0005 and
<0.007 mM, respectively). Thermodynamic predictions based on aqueous geochemistry suggest
that sulfate reduction driven by the oxidation of CH4 and NH4+ is likely a dominant and
favorable metabolism.

Genomic features
The four Kiritimatiellae SAGs from BLM1 contained identical 16S rRNA gene
sequences and were phylogenetically similar across assemblies (>99.8% average nucleotide
identity [ANI]), suggestive of low diversity among the Kiritimatiellae in BLM1. De novo
assemblies of the four SAGs ranged from 0.4-2.6 Mbps, with genome completeness estimates of
3.4-69.0% (32.2% average) (Table 4.1). Given the high degree of ANI among the four SAGs, we
attempted to co-assemble all four SAGs. The SAG co-assembly size was 2.0 Mbps with an
estimated genome completeness of 51.4% and estimated contamination of 0.2%. However, since
the co-assembly was less complete and had a smaller assembly size than the most complete
SAG, the co-assembly was excluded from further analysis.
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Table 4.1. Assembly and quality statistics for BLM1 Kiritimatiellae SAGs.
AH-151-K23 AH-147-K21
IMG accession no.
3300022259
3300022272
Assembly size (bps)
431,650
688,295
G+C content (%)
61.5
61.6
Est. genome completeness (%)a
3.4
17.4
a
Predicted genome size (Mbps)
12.52
3.95
Est. contamination (%)a
0
0.7
b
Genome quality
Low
Low
No. contigs
73
54
Largest contig (bps)
30,074
56,953
N50
7,761
20,490
No. protein-coding genes
409
595
No. tRNA genes
5
15
No. rRNA genes
4
3
a
Estimated with CheckM v1.0.8 (Parks et al., 2015)
b
Genome quality reported according to Bowers et al. (2017)

AH-151-C14
3300022292
1,629,841
61.8
38.9
4.19
0.9
Low
161
91,734
16,267
1,394
25
3

AH-151-A22
3300022301
2,632,675
62.1
69.0
3.82
0
Medium
137
150,914
37,970
2,191
39
3

Based on the detection of conserved single copy marker genes in the three most complete
SAG assemblies, we estimate BLM1 Kiritimatiellae genomes are 3.8-4.2 Mbps, larger than the
average estimated genome size of Kiritimatiellae genomes in the GTDB (3.0 Mbps, range 1.5–
6.4 Mbps, Table S4.2). The CheckM-based estimated genome completeness of the smallest SAG
(AH-151-K23) was 3X higher than values for the other SAGs. Compared to the other SAGs, the
largest contig size (30 kb) and N50 value (7.7 kb) associated with AH-151-K23 were ~2—5X
lower. Furthermore, of the 104 marker genes used by CheckM to assess genome completeness
and contamination, only two genes were found in the AH-151-K23 assembly (threonylcarbamoyl
adenosine biosynthesis protein TsaE [PF02367] and Holliday junction DNA helicase RuvA
[TIGR00084]). A combination of low genome recovery (small assembly), relatively short
contigs, and the absence of phylogenetically informative marker genes in the assembly
contributed to very low genome completeness and genome size estimates.
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G+C mol% of the SAGs were similar to those of other Kiritimatiellae (60.1% average,
range 30.5–66.8%, Table S4.2). SAG assemblies shared 196–1253 orthologous protein-encoding
genes and average amino acid identity (AAI) of reciprocal hits between SAGs ranged from
66.1% to 96.7%, which increased as a function of assembly size and number of shared
orthologous proteins between genomes. SAGs shared 36.6 – 46.1% AAI with all other
Kiritimatiellae genomes/genome assemblies included in the GTDB (Figure 4.1, Appendix S4.1
Sheet 1), indicating a high degree of genome divergence within this class and suggesting that,
given the vast biogeography of this class, these organisms may have developed specific
adaptations to the type of environment they inhabit. Furthermore, with the exception of
Kiritimatiella glycovorans L21-Fru-ABT, complete-linkage hierarchical clustering of AAI
profiles of Kiritimatiellae genomes revealed clustering patterns coincident with order-level
designations in the GTDB.
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Figure 4.1. Average amino acid identity (AAI) heatmap for shared proteins between all
Kiritimatiellae genomes in GTDB and the four Kiritimatiellae single amplified genomes (SAGs)
sequenced from BLM1. Samples are ordered based on complete linkage hierarchical clustering
of AAI profiles. Black lines demarcate GTDB-defined class-level lineages (listed along the
diagonal).
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Taxonomy, 16S rRNA gene phylogeny, amino acid identity, and biogeography of
Kiritimatiellae
Taxonomy and taxonomic ranks of the four SAGs obtained from BLM1 were assigned
using GTDB-Tk (Parks et al., 2018), a method which employs relative evolutionary divergence
(Parks et al., 2017) of concatenated protein phylogenies of 120 single-copy marker genes. All
four SAGs were classified into the Kiritimatiellae class of Verrucomicrobiota, although familylevel classifications differed among SAGs despite >99% ANI. The two SAGs with the highest
estimated genome completeness (AH-151-A22 and AH-147-K21) were classified into the LD1PB3 order. AH-147-K21 and AH-151-K23 were classified into the Kiritimatiellales and
UBA8416 orders, respectively. This discrepancy in taxonomy among the four highly similar
SAGs is likely due to the absence of some of the 120 marker genes in less complete SAG
assemblies. Thus, the GTDB taxonomy assignment of the less complete SAGs may be inaccurate
and unreliable. Recovery of more complete Kiritimatiellae genomes from BLM1 will allow for
more accurate and robust taxonomic classification.
The full-length 16S rRNA gene sequences of Kiritimatiellae SAGs from BLM1 shared
100% nucleotide identity. Thus, the 16S rRNA gene sequence was used as queries in BLASTn
searches for similar sequences in the NCBI nucleotide database and yielded 66 sequences with
≥85% nucleotide identity and ≥ 1300 base pairs in length, after collapsing highly similar
sequences (sequences >98.7% nucleotide identity to one another (Stackebrandt and Ebers,
2006)). Of those 66 sequences, 65 sequences were obtained from clone libraries or other
sequencing efforts specifically targeting the 16S rRNA gene and a single sequence was derived
from a marine metagenome (NCBI Accession No. EU686600.1), which shows that there is
minimal genomic information available for Kiritimatiellae in publically available DNA sequence
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repositories and presents opportunities for additional research. The closest related 16S rRNA
gene sequence to Kiritimatiellae from BLM1 (93.2% nucleotide identity) was retrieved from a
subsurface radioactive thermal spring in the Central Alps, Austria (NCBI Accession No.
AM902628.1). Phylogenetic analysis indicates that the Kiritimatiellae form a bootstrapsupported, monophyletic lineage distinct from other lineages within the Verrucomicrobiota (e.g.
the Verrucomicrobiae, Lentisphaeria, and Chlamydiia classes, Figure 4.2), which agrees with the
designation of Kiritimatiellae as a class-level lineage based on whole-genome phylogenetic
analysis (Parks et al., 2018). Kiritimatiellae SAG 16S rRNA gene sequences share 77.3–84.1%
nucleotide identity with these three classes. Furthermore, our SAG 16S rRNA gene sequences
tend to cluster according to their source of isolation (freshwater vs. marine/saline/hypersaline,
Table S4.3), suggestive of a strong habitat preference within the Kiritimatiellae, as has been
previously shown (Spring et al., 2016).
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Figure 4.2. Maximum likelihood phylogeny of the Kiritimatiellae based on near-full-length 16S
rRNA gene sequences from NCBI with ≥85% nucleotide identity to the 16S rRNA gene from
BLM1 SAGs. The 16S rRNA gene from Kiritimatiella glycovorans L21-Fru-ABT (82.5%
nucleotide identity) was also included. The terminal end of each branch was color-coded
according to the inferred habitat from which the 16S rRNA gene sequence originated: water
column of freshwater environments are identified by red circles; freshwater sediments, soils, and
microbial mats are red squares; samples from the water column of saline environments are blue
circles; marine sediments are blue squares; samples from hypersaline sediments and mats are
yellow squares; and samples from wastewater are brown triangles. Values at each node indicate
bootstrap support (%) based on 1,000 replicate bootstraps. Scale bar indicates 0.1 nucleotide
substitutions per site.
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The sources of isolation from which Kiritimatiellae 16S rRNA gene sequences were
retrieved are indicative of a cosmopolitan distribution in predominantly anoxic niches within
soils, sediments, and the water column of terrestrial, marine, and hypersaline environments. In
hypersaline microbial mats, Verrucomicrobiota accounted for up to 12% relative abundance
(Harris et al., 2013). However, the Verrucomicrobiota are more commonly found in lower
relative abundances, including in hydrothermal marine sediments (‘low numbers,’ (Teske et al.,
1994), terrestrial hot spring microbial mats in Tibet (1%, (Lau et al., 2009)), constructed wetland
sediments (<2%, (Bouali et al., 2014), and suboxic freshwater pond sediment (2-6%, (Briee et
al., 2007)). In BLM1, Kiritimatiellae accounted for approximately 0.5% of the planktonic
community retrieved from 752 mbls, but was undetected in all other samples taken from BLM1
(see Chapter 3).

Predicted phenotype and metabolism
Cell sizes were estimated from forward light scatter signals from FACS as described
previously (Stepanauskas et al., 2017). FACS analysis indicated that Kiritimatiellae cells were
0.8–1.4 m in diameter, similar to previous reports for members of the Kiritimatiellae (Spring et
al., 2016). Kiritimatiellae SAGs contain many genes typical of bacteria with diderm cell
envelopes (Gram-negative), including many genes involved in the production and
translocation/secretion of lipids across the cell membrane (Figure 4.3, Table S4.4) (Sutcliffe,
2010). Many genes involved in Type IV pilus production, found in all Gram-negative bacteria
(Craig et al., 2004), were annotated. Genes involved in flagellar production and chemotaxis were
not detected in our SAGs. However, it must be noted that absence of protein-encoding genes in
the SAGs may be due to incomplete genome recovery during SAG generation and assembly.
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Figure 4.3. Composite diagram of the predicted metabolic features of Kiritimatiellae SAGs
sequenced from BLM1. Included are metabolic features present in at least one SAG. Enzymes
involved in major metabolic pathways are shown in blue text. Enzymes missing from assembly
annotations are shown in red text. Enzyme complexes lacking protein-encoding genes for all
subunits are indicated by crosshatches. Also see Supplementary Table S4.4.

ABC-type transporters and permeases for amino acids, peptides, saccharides,
nucleosides, L-rhamnose, L-fucose, glucose, and an oxalate/formate antiporter were present in
the SAGs. Additionally, a tripartite ATP-independent periplasmic transporter of C4dicarboxylates, such as succinate, fumarate, and malate, were detected. The majority of genes
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involved in the Embden-Meyerhof-Parnas pathway (glycolysis) and the pentose phosphate
pathway were annotated in SAGs; however, pyruvate kinase was absent. Spring et al. (2016)
have proposed an alternative Embden-Meyerhof-Parnas pathway sequence found in K.
glycovorans L21-Fru-ABT, in which fructose-6-phosphate is phosphorylated to fructose-1,6bisphosphate by pyrophosphate—fructose-6-phosphate 1-phosphotransferase, ATP and AMP are
formed from 2 ADP by adenylate kinase, and phosphoenolpyruvate is converted to pyruvate and
ATP by pyruvate phosphate dikinase (Reeves, 1971), which increases net ATP yield of
glycolysis from 2 ATP to 5 ATP. Although pyrophosphate—fructose-6-phosphate 1phosphotransferase and adenylate kinase were absent from SAG assemblies, pyruvate phosphate
dikinase was present and is indicative of an alternative pathway for pyruvate formation from the
canonical Embden-Meyerhof-Parnas pathway. Lactate dehydrogenase and NADP-dependent
alcohol dehydrogenase, involved in pyruvate fermentation to lactate and ethanol, respectively,
were annotated in the SAGs. Only a few genes involved in the tricarboxylic acid (TCA) cycle
were annotated. None of the key enzymes (ATP citrate lyase, 2-oxoglutarate:ferredoxin
oxidoreductase, and fumarate reductase) that allow the TCA cycle to run in reverse (Hugler et
al., 2005) were annotated. Acetyl-CoA synthetase, which catalyzes the reversible formation of
acetate from acetyl-CoA, was present. The complete pathway for production of
dihydroxyacetone phosphate and lactaldehyde from rhamnose, and nearly complete pathway for
production of these compounds from fucose, was present; however, the genes involved for
subsequent conversions of these compounds (e.g. triose-phosphate isomerase, lactaldehyde
dehydrogenase, and 1,2-propanediol oxidoreductase) were absent.
DoxD, one of two genes in the dox operon, involved in thiosulfate oxidation to
tetrathionate, was detected. Thiosulfate can be spontaneously produced via non-enzymatic
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reactions between sulfite and sulfur atoms in the periplasmic space (Chen et al., 2012). The
thiosulfate:quinone oxidoreductase complex, encoded by DoxDA, catalyzes the oxidation of two
thiosulfate molecules to produce tetrathionate (DoxD) and transfers two electrons to a quinone
(DoxA) (Chen et al., 2012; Yin et al., 2014). Sulfur oxidation genes and dissimilatory sulfate
reduction genes were not present in any of the SAGs, indicative of limited capacity for sulfur
metabolism.
Genes involved in dissimilatory nitrite reduction to ammonia were present, but nitrate
reduction genes were absent from SAG assemblies. NrfAH type nitrite reductases, found
predominantly in Epsilon and Deltaproteobacteria, catalyze the formation of NH4+ without the
release of intermediate products (Einsle et al., 1999; Simon, 2002). Respiratory ammonification
involves a nitrite reductase (NrfH), a c-type cytochrome (NrfA), and a quinol (commonly
menaquinol, predicted to derive from formate oxidation via formate dehydrogenase or hydrogen
oxidation via a [NiFe]-hydrogenase) (Simon, 2002). Formate dehydrogenase and nickel/iron
hydrogenase genes are absent from the SAGs, which may indicate that respiratory nitrite
reduction is unlikely to occur, although the absence of these genes may be due to incomplete
genome assemblies. It is plausible that the menaquinones required for the reduction of nitrite
could derive from the oxidation of a heretofore unknown compound.
Kiritimatiellae SAGs encode some of the genes required for V/A-type ATPases Na+translocating NADH:quinone oxidoreductases, NADH-quinone oxidoreductases, and ferredoxinNAD:oxidoreductase (RNF complex). V/A-type ATPase subunits A, B, D, E, I, and K were
present in at least one SAG assembly, and subunits C, F, and G/H were absent. Na+-translocating
NADH:quinone oxidoreductase subunit NqrC was present and NqrA, NqrB, NqrD, NqrE, and
NqrF were absent. NADH-quinone oxidoreductase subunits NuoE, NuoF, and NuoG were
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present and NuoA, NuoB, NuoC, NuoD, NuoH, NuoI, NuoJ, NuoK, NuoL, NuoM, and NuoN
were absent. Similarly, some of the RNF complex subunits were absent from assemblies (RnfA,
RnfC, RnfE, and RnfG were present and RnfB and RnfD were absent).
Although some of the typical terminal respiratory oxidases were absent from the
assemblies (e.g. cytochrome bc1 and cytochrome c), the complete terminal oxidase cytochrome
bd ubiquinol oxidase was encoded. Cytochrome bd ubiquinol oxidase contributes to proton
motive force generation through charge separation and does not function as a proton pump
(Borisov et al., 2011; Marreiros et al., 2016). Found predominantly in facultative anaerobes and
strict anaerobes but rarely found in aerobes (Borisov et al., 2011), cytochrome bd ubiquinol
oxidase helps facilitate the colonization of oxygen-limited environments (Baughn and Malamy,
2004; Jones et al., 2007) and can serve as an oxygen scavenger to preserve the function of
oxygen-sensitive enzymes (Dincturk et al., 2011) or to preserve against other oxidative stresses
(Das et al., 2005).
Minimal respiratory chains comprised of Na+-translocating NADH:quinone
oxidoreductase, succinate dehydrogenase, and cytochrome bd ubiquinol oxidase have been found
in the majority of genomes of the class Chlamydiia (phylum Verrucomicrobiota) (Marreiros et
al., 2016). Given the lack of protein-encoding genes for many of the subunits of the Na+translocating NADH:quinone oxidoreductase, RNF complex, and V/A-type ATPase in the SAG
assemblies, and the complete absence of other protein-encoding genes typical of oxidative
phosphorylation pathways, it is unclear if Kiritimatiellae in BLM1 truly lack the capacity for
respiration or if the absence of genes encoding these protein subunits is due to incomplete
genome recovery. Thus, we predict that BLM1 Kiritimatiellae have largely fermentative
lifestyles, obtaining energy from the metabolism of a variety of glycopolymers present in the
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environment, as has been verified for another member of Kiritimatiellae through cultivationbased and genomic studies (Spring et al., 2016).

Glycoside hydrolases, peptidases, and sulfatases
Protein-encoding genes in SAGs were analyzed for the presence of carbohydrate-active
enzymes (CAZymes) using the dbCAN2 automated carbohydrate-active enzyme annotation
server (Yin et al., 2012; Zhang et al., 2018). Proteins annotated as CAZymes by a minimum of
two independent methods (any combination of HMMER [hidden Markov model-based
annotation], DIAMOND [sequence alignment-based annotation], or Hotpep [peptide pattern
recognition-based annotation]) were considered positive hits. In total, protein encoding genes
belonging to 31 glycoside hydrolase (GH) families were annotated among all BLM1
Kiritimatiellae SAGs (Table S4.5). AH-151-A22, the most complete SAG, contained 75
CAZyme genes, including 57 glycoside hydrolase (GH) genes belonging to 30 GH families
(Figure 4.4). Additionally, the number of CAZyme genes correlated with genome size (R2=0.99),
suggesting that the number of CAZymes annotated in each SAG was a function of genome
coverage. The frequency of GH genes in BLM1 Kiritimatiellae SAGs, calculated by dividing the
number of GH genes annotated by the total number of protein coding sequences in each SAG,
ranged from 2.2—2.6%. Martinez-Garcia and colleagues (2012) have shown that
Verrucomicrobiota genomes are enriched in GH genes (0.9—1.2%) and had some of the highest
frequencies of GHs of any bacterial phylum. The higher abundance of GH genes in
Kiritimatiellae SAGs compared to other Verrucomicrobiota classes (e.g. Verrucomicrobiaceae)
indicates that Kiritimatiellae possess enhanced genomic capacity for polysaccharide degradation.
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Figure 4.4. Number of genes encoding putative glycoside hydrolases (GHs), subdivided by GH
family, for each SAG in the study. Also see Supplementary Table S4.5.

Glycoside hydrolase families GH106 and GH29 were represented by the highest number
of genes of all GHs in the BLM1 Kiritimatiellae SAGs (Figure 4.4). Enzymes in these two
families are involved in hydrolysis of α-L-rhamnosides (GH106) and α-L-fucosides (GH29).
GH106 and GH78 were also the dominant glycoside hydrolases in Kiritimatiella glycovorans
L21-Fru-ABT (Spring et al., 2016), perhaps suggesting that the capacity for hydrolysis of these
two compounds is a feature of this class. SAGs contain the protein-encoding genes necessary for
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transport of L-fucose and L-rhamnose into the cytoplasm. Genes for the production of
dihydroxyacetone phosphate and lactaldehyde from L-rhamnose were present, but L-fucose
mutarotase and fuculose-P aldolase were absent, perhaps indicating that these organisms are
unable to metabolize fucose. Furthermore, the genes required for conversion of
dihydroxyacetone phosphate to glyceraldehyde-3-phosphate (triose-phosphate isomerase), for
production of lactate from lactaldehyde (lactaldehyde dehydrogenase), and for lactaldehyde
fermentation to propanol (1,2-propanediol oxidoreductase and 1,2-propanediol dehydratase)
were absent from assemblies.
Rhamnose is a sugar commonly produced by certain types of plants and some microalgae
(Brown, 1991), and is a component of cell wall and capsule structures of some gram-negative
and Gram-positive bacteria (Maki and Renkonen, 2004), and is found in lipopolysaccharides and
exopolysaccharides produced by some opportunistic pathogens (e.g. Pseudomonas aeruginosa)
(Linhardt et al., 1989; Byrd et al., 2009). Fucose is a deoxyhexose sugar produced by many
eukaryotes and prokaryotes, and is sometimes found as a constituent of cell wall and capsule
structures of Gram-negative and Gram-positive bacteria, particularly in some opportunistic and
obligate pathogens (Maki and Renkonen, 2004).Given the focus on rhamnose and fucose
biosynthesis in clinically relevant pathogens as a potential chemotherapeutic target, little is
known about the capacity for rhamnose and fucose production by non-pathogens. As such, it
remains unclear if microorganisms present in deep terrestrial subsurface fluids of BLM1 produce
rhamnose- or fucose-containing polysaccharides. Despite this caveat, genomic evidence suggests
that Kiritimatiellae in BLM1 are adapted to the hydrolysis of rhamnose-containing polymers and
metabolism of cleaved L-rhamnose sugars given the abundance of α-L-rhamnosidases in the
SAGs and the presence of the majority of the genes required for L-rhamnose metabolism (Figure
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4.3). Furthermore, the genome of K. glycovorans L21-Fru-ABT encoded rhamnosidases and all
of the genes involved in rhamnose catabolism, yet growth was not observed when rhamnose was
supplied as the sole carbon source (Spring et al., 2016).
K. glycovorans L21-Fru-ABT is capable of growth on D-mannose, N-acetylglucosamine,
and D-xylose (Spring et al., 2016). SAGs from BLM1 contained protein-encoding genes
predicted to be involved in the hydrolysis of mannose residues (GH5 subfamily 25), Nacetylglucosamine (GH116, GH123, and GH129), and xylose residues (GH5 subfamily 25,
GH43, GH116, GH120, and GH141). SAG assemblies contained mannose-6-phosphate
isomerase, which converts mannose-6-phosphate to fructose-6-phosphate (Figure 4.3). Mannose
is a component of mannan, hemicellulose, and cellulose, but has also been found in extracellular
biopolymers and as components in cell walls of bacteria (reviewed in (Hu et al., 2016)).
Assemblies also contained the genes for catabolism of the bacterial cell wall polymer Nacetylglucosamine: N-acetylglucoasamine-6-phosphate deacetylase, which converts Nacetylglucosamine to glucosamine-6-phosphate while producing acetate, and glucosamine-6phosphate deaminase, which produces fructose-6-phosphate, an intermediate in glycolysis
(Swiatek et al., 2012). Finally, xylose isomerase and xylulokinase genes, which catalyze the
conversion of D-xylose to D-xylulose and subsequent phosphorylation of D-xylulose to
xylulose-5-phosphate, respectively, were detected. Xylulose-5-phosphate can then enter the
pentose phosphate pathway for further catabolism (Nieves et al., 2015). Xylose is a
monosaccharide derived from xylan-containing hemicellulose and is a dominant saccharide
found in plant cell walls (Timell, 1967). Like K. glycovorans L21-Fru-ABT, Kiritimatiellae
SAGs from BLM1 possess the metabolic capacity for catabolism of mannose, Nacetylglycosamine, and xylose, although plant-derived saccharides (xylose) are unlikely to exist
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in the deep terrestrial biosphere environment of BLM1. However, mannose and Nacetylglucosamine are likely present in microbial biomass and necromass and may support
growth of Kiritimatiellae.
We detected 141 peptidase genes comprising 49 unique peptidase families in the AH151-A22 SAG, suggestive of extensive proteolytic potential (Figure 4.5, Appendix S4.1 Sheets
2-5). The most abundant peptidases were in the C26, M23, S09, S33, and U69 families. C26 was
represented by aminodeoxychorismate synthase subunits, involved in the para-aminobenzoic
acid biosynthesis pathway, and unassigned peptidases, predicted gamma-glutamyl hydrolases
that catalyze the hydrolysis of glutamate or polyglutamates from larger polysaccharides. Family
M23 was dominated by unassigned peptidases in the M23B subfamily, which are predicted
endopeptidases that lyse bacterial cell wall peptidoglycans (Rawlings and Barrett, 1995). Family
S09, comprised of unassigned peptidases, are predicted prolyl oligopeptidases that hydrolyze
peptide bonds within relatively short peptide substrates (Rea and Fulop, 2006). Family S33, of
which we only found unassigned peptidases, contains predicted prolyl aminopeptidases that
hydrolyze N-terminal proline and hydroxyproline residues from relatively short peptides (Rea
and Fulop, 2006). Family U69 unassigned peptidases have unknown functions. Peptidases in
Families M23B, S09, and S33 were particularly abundant in genomes from marine
polysaccharide-degrading Verrucomicrobiaceae (Martinez-Garcia et al., 2012).
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Figure 4.5. Number of genes encoding putative peptidases, subdivided by MEROPS family, for
each SAG in the study. Also see Appendix S4.1 Sheets 2-5.

Kiritimatiellae SAGs contained up to 20 sulfatase genes per genome with frequencies of
0.9 –2.0% (Figure 4.6). The frequency of sulfatase genes in Verrucomicrobiota genomes has
been shown to correlate positively with the salinity of the preferred habitat, with the frequency of
sulfatases in freshwater Verrucomicrobiota typically falling between 0.3—1% (Spring et al.,
2016). Given the near-complete absence of genes involved in sulfur metabolism (Figure 4.3,
Table S4.4) and the high frequency of sulfatase genes compared to other freshwater
Verrucomicrobiota, Kiritimatiellae in BLM1 are likely specialized for utilization of sulfated
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glycopolymers. Bacterial sulfatases are predicted to be primarily used in the scavenging of
sulfated glycopolymers under conditions of sulfur limitation (Kertesz, 2000). However, in
environments with high inorganic sulfate concentrations, such as marine environments,
sulfatases are postulated to be involved in accessing the carbon skeleton of sulfated compounds
(Glockner et al., 2003). In marine environments, sulfated organic compounds such as
carrageenan, agar, alginate, and laminarin produced by algae serve as a major source of sulfated
glycopolymers (Lage and Bondoso, 2014). Although the source of sulfated glycopolymers in
BLM1 remains unknown, it is plausible that organosulfur compounds were produced during
diagenetic sulfurization of organic material (Schmidt et al., 2009) in the Hidden Valley Dolomite
geologic unit of the Death Valley Regional Flow System. It is also plausible that microbial
necromass may serve as a source of sulfated glycopolymers in the deep terrestrial biosphere.

151

Figure 4.6. Number of genes encoding putative sulfatases, subdivided by sulfatase type, for each
SAG in the study.

CONCLUDING REMARKS
Single-cell genomes from BLM1 are phylogenetically distinct and represent novel,
uncultivated biodiversity within the Kiritimatiellae class of Verrucomicrobiota. The analysis of
these four SAGs represents the first characterization of novel, uncultivated Kiritimatiellae
derived from hot, anoxic fluids of the terrestrial deep biosphere. The abundance and diversity of
glycoside hydrolases, peptidases, and sulfatases indicates a robust capacity for degradation of
complex glycopolymers. Our analysis supports the assertion that one of the key metabolic
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features of Kiritimatiellae is the capacity to forage on sulfated glycopolymers (Spring et al.,
2016). Genomes encoded the metabolic capacity for catabolism of a variety of carbon substrates,
including glucose, L-rhamnose, mannose, N-acetylglucosamine, and D-xylose, although
predominantly plant-derived saccharides (D-xylose and, to a lesser extent, L-rhamnose) are
unlikely to be abundant in BLM1. Environmental and genomic data support a predominantly
saccharolytic, fermentative lifestyle for Kiritimatiellae in BLM1, where they likely obtain carbon
and energy from the hydrolysis and catabolism of glycopolymers, including microbial
necromass. Cultivation and subsequent physiological characterization of Kiritimatiellae from the
deep terrestrial biosphere will further our knowledge of this ubiquitous yet understudied group.
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CHAPTER 4 SUPPLEMENTARY MATERIAL
Table S4.1. Physical and chemical characteristics of bailed water from 752 meters below land
surface collected from BLM1 in August 2015.
752 mbls
Physical Measurements
Temp (°C)
Conductivity (μS/cm)
Dissolved Oxygen (mg/L)
pH
ORP (mV)
Bicarbonate as CaCO3 (mg/L)
Carbonate as CaCO3 (mg/L)
Hydroxide as CaCO3 (mg/L)
Total Alkalinity (mg/L)
Hardness as CaCO3 (mg/L)
Dissolved Ions (mg/L)
ClFSO42Al
As
Ba
B
Cd
Ca
Cs
Co
Cu
Fe
Pb
Mg
Mn
Mo
Ni
K
SiO2
Na
U
Zn
Dissolved Nutrients (mg/L)
DOC
TOC
Acetate
Formate
N as NO3
N as NO2
N as NH3
P as O-PO4
Dissolved Gases (mM)
H2
N2
CO
CO2
CH4
O2

57.2
2298.6
0.43
6.92
-242.0
437
<2
<2
437
129
52.4
3.98
158
0.008
0.0778
0.1096
0.174
0.0002
31.7
0.0037
0.00016
0.0006
0.08
0.0006
12.1
0.0958
0.0533
0.0092
17
43.8
222
0.0002
0.004
0.431
4.21
0.1
0.042
<0.02
<0.01
0.22
0.04
<0.007
0.3
<0.0005
0.5
0.01
0.4
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Table S4.2. NCBI accession number, GTDB taxonomy, assembly and quality statistics for all Kiritimatiellae genomes in the August
19, 2018, release of Genome Taxonomy Database (GTDB) (Release 03-RS86).
Assembly
accession no.
GCA_001017655.1
GCA_002712105.1
GCA_002338345.1
GCA_002691095.1
GCA_003532555.1
GCA_001804865.1
GCA_003489865.1
GCA_001604235.1
GCA_002304915.1
GCA_002347655.1
GCA_002412675.1
GCA_003451935.1
GCA_002297775.1
GCA_002298665.1
GCA_002313475.1
GCA_002316185.1
GCA_002321455.1
GCA_002405095.1
GCA_002436955.1
GCA_002437265.1
GCA_002437705.1
GCA_002438445.1
GCA_002439835.1
GCA_002440275.1
GCA_002449065.1
GCA_002451515.1
GCA_002451935.1
GCA_002476465.1
GCA_002476575.1
GCA_002476705.1
GCA_002478035.1
GCA_003507075.1
GCA_002439025.1
GCA_002440145.1
GCA_002451635.1
GCA_002452055.1
GCA_003531875.1

GTDB Taxonomya
o_Kiritimatiellales; f_Kiritimatiellaceae; g_Kiritimatiella; s_glycovorans L21Fru-AB
o_Kiritimatiellales; f_UBA 1859; g_GCA-2712105
o_Kiritimatiellales; f_UBA 1859; g_UBA1859
o_Kiritimatiellales; f_UBA 1859; g_UBA1859
o_Kiritimatiellales; f_UBA 1859; g_UBA1859
o_LD1-PB3; f_GWF2-57-35; g_GWF2-57-35
o_LD1-PB3; f_GWF2-57-35; g_GWF2-57-35
o_LD1-PB3; f_Lenti-01; g_Lenti-01
o_LD1-PB3; f_Lenti-01; g_Lenti-01
o_LD1-PB3; f_Lenti-01; g_Lenti-01
o_LD1-PB3; f_Lenti-01; g_Lenti-01
o_LD1-PB3; f_Lenti-01; g_Lenti-01
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp1
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp2
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp2
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp2
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp2
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp2
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Assembly
size (bps)

No.
contigs

G+C
content
(%)

2949723
1177491
946416
1303801
1078159
5052682
5221174
2256314
2108534
3105763
2611113
1850317
1550696
1553145
1483888
1376139
1151999
1671585
1614123
1291251
1518144
1576428
1547156
1463263
1226444
1473639
1239324
1620601
1500219
1557349
1558582
1335381
1794273
1732897
1694434
1617971
1477570

1
36
95
30
140
74
131
729
134
58
88
308
108
99
101
141
88
82
77
107
87
71
104
142
137
120
109
128
141
121
96
197
230
188
206
147
212

63.30
30.50
46.60
52.90
44.20
56.90
57.30
60.90
59.70
66.80
66.70
64.80
62.20
62.30
62.50
61.70
63.20
62.20
63.50
62.90
62.90
62.70
62.40
61.80
63.10
62.40
63.30
62.20
62.40
62.40
62.60
62.30
63.80
63.00
62.80
63.30
62.40

Est. genome
completeness

Predicted
genome
size
(Mbps)

92.7
78.0
54.3
70.6
65.9
91.4
90.5
73.1
83.6
93.4
80.5
65.5
83.6
85.1
84.0
72.7
59.8
78.4
86.9
72.8
78.2
80.6
84.8
73.4
72.3
83.8
65.9
85.6
78.0
81.7
85.8
69.8
74.0
78.8
78.2
73.8
68.6

3.2
1.5
1.7
1.8
1.6
5.5
5.8
3.1
2.5
3.3
3.2
2.8
1.9
1.8
1.8
1.9
1.9
2.1
1.9
1.8
1.9
2.0
1.8
2.0
1.7
1.8
1.9
1.9
1.9
1.9
1.8
1.9
2.4
2.2
2.2
2.2
2.2

Est.
contam.
(%)
3.2
1.7
0
1.7
0
4.1
4.8
3.1
2.1
2.1
1.5
2.0
2.1
1.4
0.7
2.0
0.7
3.7
1.4
0.7
1.4
1.4
1.4
0.7
2.3
1.4
1.2
1.6
1.4
1.7
1.4
1.0
1.6
1.4
2.3
0.9
1.6

No.
protein
encoding
genes
2601
1140
966
1228
1109
4203
4392
2607
1990
2722
2315
1880
1485
1472
1415
1421
1073
1534
1479
1231
1394
1438
1457
1469
1180
1408
1182
1553
1463
1462
1428
1429
1675
1669
1596
1460
1491

GCA_003534735.1
GCA_002350535.1
GCA_002392825.1
GCA_002321305.1
GCA_002363575.1
GCA_002369235.1
GCA_002371135.1
GCA_002371755.1
GCA_002392765.1
GCA_002395905.1
GCA_002449695.1
GCA_002309765.1
GCA_002309585.1
GCA_002373695.1
GCA_002373635.1
GCA_002448475.1
GCA_002429065.1
GCA_002429005.1
GCA_002428045.1
GCA_003483205.1
GCA_001804885.1
GCA_001803255.1
GCA_001803285.1
GCA_001803315.1

o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp2
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp3
o_RFP12; f_UBA1067; g_UBA1067; s_UBA1067 sp3
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1067
o_RFP12; f_UBA1067; g_UBA1200
o_RFP12; f_UBA1067; g_UBA1211
o_RFP12; f_UBA1067; g_UBA3624
o_RFP12; f_UBA3636; g_UBA3636; s_UBA3636 sp1
o_RFP12; f_UBA3636; g_UBA3636; s_UBA3636 sp1
o_SS1-B-03-39; f_UBA6053; g_UBA6053
o_SS1-B-03-39; f_UBA6053; g_UBA6056
o_UBA8416; f_UBA8416; g_UBA8416; s_UBA8416 sp1
o_UBA8416; f_UBA8416; g_UBA8416; s_UBA8416 sp1
o_UBA8416; f_YA12-FULL-48-11; g_YA12-FULL-48-11
o_UBA8416; f_YA12-FULL-60-10; g_YA12-FULL-60-10; s_YA12-FULL-6010 sp1
o_UBA8416; f_YA12-FULL-60-10; g_YA12-FULL-60-10; s_YA12-FULL-6010 sp1
o_UBA8416; f_YA12-FULL-60-10; g_YA12-FULL-60-10; s_YA12-FULL-6010 sp1

a

1729137
2670779
2854777
2723985
2154082
1639202
2589698
2427939
3047170
2374221
2519863
3673306
3781978
3529299
4773806
4477447
5686037
5778707
4227307
3953422
5678892

231
209
67
136
180
43
84
181
72
237
94
67
181
81
412
175
50
118
292
516
314

62.90
60.10
60.90
65.80
61.20
57.60
59.30
57.80
58.90
60.70
64.90
57.00
60.70
60.50
64.30
64.50
54.90
54.70
58.10
57.90
47.90

73.3
64.2
78.3
82.1
74.1
83.9
81.6
82.9
74.8
86.5
79.1
90.5
85.5
84.1
87.2
88.1
95.4
96.1
90.0
82.6
89.4

2.4
4.2
3.6
3.3
2.9
2.0
3.2
2.9
4.1
2.7
3.2
4.1
4.4
4.2
5.5
5.1
6.0
6.0
4.7
4.8
6.4

2.2
0.7
2.7
2.1
1.7
1.6
1.4
4.1
1.4
1.4
4.1
1.4
4.4
1.4
2.7
1.7
1.4
0.7
4.8
5.0
2.7

1612
2497
2399
2479
1943
1555
2224
2249
2563
2132
2100
2776
2997
2795
4122
3678
5025
5065
3937
3791
5237

2056378

244

59.20

59.1

3.5

0.7

2018

3806696

262

58.50

77.3

4.9

1.4

3491

4090690

188

60.10

87.8

4.7

0

3574

Prefixes are indicative of taxonomic rank. O = order, f = family, g = genus, and s = species.
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Table S4.3. List of 16S rRNA gene sequences used in phylogenetic and environmental distribution analysis. NCBI accession number,
percent nucleotide identity to the BLM1 Kiritimatiellae SAG 16S rRNA gene sequence, alignment length, isolation source, and
inferred habitat are shown for each sequence.
Accession No.
KC665948.1
JN469093.1

Percent
Identity
82.454
84.515

Alignment
Length
1573
1537

LC124534.1
JX120374.1
JN439623.1

84.579
84.58
84.615

1498
1537
1534

KP896365.1
JN533341.1

84.626
84.641

1483
1517

GQ246296.1
JX227307.1
EU491673.1
DQ404764.1
EU246170.1
EU734911.1
EU488028.1
LC276106.1
KF616628.1
JN207195.1
EF999390.1
AM490661.1
KJ578078.1
HM243900.1
JN977222.1
HM243851.1
JN441963.1

84.655
84.665
84.672
84.675
84.695
84.7
84.72
84.728
84.738
84.749
84.764
84.799
84.823
84.825
84.839
84.86
84.861

1551
1565
1507
1540
1555
1549
1551
1506
1507
1554
1549
1546
1555
1542
1583
1539
1506

AF419674.1
EF203196.1
JX504448.1
JN476232.1

84.862
84.88
84.946
85.028

1559
1541
1581
1436

EU652671.1
DQ404592.1
EU491342.1
AY114330.1

85.1
85.204
85.224
85.234

1557
1541
1543
1429

Isolation Source

Inferred Habitat

hypersaline microbial mat [Kiritimatiella glycovorans strain L21-Fru-AB]
Guerrero Negro Hypersaline Mat 04; altitude 310m AMSL; sample depth 1m below water level, 3-4mm
depth into the mat
sediment of Lake Biwa
subsurface aquifer sediment
Guerrero Negro Hypersaline Mat 02; altitude 310m AMSL; sample depth 1m below water level, 1-2mm
depth into the mat
river
Guerrero Negro Hypersaline Mat 10; altitude 310m AMSL; sample depth 1m below water level, 34-49mm
depth into the mat
North Yellow Sea sediments
sediment collected from station X1 seamount in the Pacific Ocean
seafloor lavas from the East Pacific Rise
contaminated sediment
hypersaline microbial mat
sediment from station DBSE in the Northern Bering Sea
siliciclastic sediment from Thalassia sea grass bed
spring water
Hydrate Ridge, OR
Namako-ike surface sediment (0-1 cm)
Pearl River Estuary sediments at 22cm depth
microbial mat from sulfidic cave spring Lower Kane Cave, Big Horn, sample LKC22
Yong Ding river
middle sediment from Honghu Lake
Jiaozhao Bay sediment
middle sediment from Honghu Lake
Guerrero Negro Hypersaline Mat 02; altitude 310m AMSL; sample depth 1m below water level, 1-2mm
depth into the mat
hydrothermal sediments in the Guaymas Basin
sediment
oolitic sand
Guerrero Negro Hypersaline Mat 05; altitude 310m AMSL; sample depth 1m below water level, 4-5mm
depth into the mat
Yellow Sea sediment
contaminated sediment
seafloor lavas from Hawai'i South Point X3
anoxic marine sediment

Hypersaline sediments and mats
Hypersaline sediments and mats
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Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Freshwater
Hypersaline sediments and mats
Marine sediments
Marine sediments
Marine sediments
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Marine sediments
Marine sediments
Freshwater
Marine sediments
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Marine sediments
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Marine sediments
Freshwater sediments, mats, and soils
Marine sediments
Hypersaline sediments and mats
Marine sediments
Freshwater sediments, mats, and soils
Marine sediments
Marine sediments

HQ003645.1
HQ003644.1
JN433158.1

85.254
85.254
85.288

1553
1553
1509

EF198032.1
AY114336.1
JN433499.1

85.29
85.315
85.327

1482
1430
1438

GU208377.1
FJ205372.1
EU686600.1
EU048628.1
JN523395.1

85.328
85.341
85.344
85.366
85.377

1479
1453
1583
1435
1525

JN510633.1

85.379

1450

AB240261.1
JN439572.1

85.396
85.415

1527
1433

AY345504.2
KJ569675.1
GQ356119.1
AF507896.1
GU369936.1

85.558
85.623
85.634
85.638
85.654

1461
1565
1420
1497
1415

DQ676426.1
JN473838.1

85.803
85.835

1451
1419

JQ738988.1
GU455210.1
KC432248.1
AM490655.1
JX040390.1
FJ638605.1
DQ676367.1
JN486806.1

85.839
85.928
85.96
85.961
86.021
86.03
86.038
86.047

1377
1535
1396
1446
1538
1446
1368
1419

JN486643.1

86.047

1419

FJ748768.1
KM410683.1
LN870938.1
JN492275.1

86.086
86.123
86.128
86.148

1538
1362
1449
1415

JN868892.1

86.196

1572

Carrizo shallow lake
Carrizo shallow lake
Guerrero Negro Hypersaline Mat 01; altitude 310m AMSL; sample depth 1m below water level, 0-1mm
depth into the mat
anaerobic mesophilic phenol-degrading enrichment
anoxic marine sediment
Guerrero Negro Hypersaline Mat 01; altitude 310m AMSL; sample depth 1m below water level, 0-1mm
depth into the mat
Dongping Lake sediment
deep marine sediments, depth:2725m
Mediterranean Sea
marine sediment, Xisha Trough, South China Sea
Guerrero Negro Hypersaline Mat 09; altitude 310m AMSL; sample depth 1m below water level, 22-34mm
depth into the mat
Guerrero Negro Hypersaline Mat 08; altitude 310m AMSL; sample depth 1m below water level, 10-22mm
depth into the mat
PCR-derived sequence from bulk soil of reed bed reactor in the laboratory
Guerrero Negro Hypersaline Mat 02; altitude 310m AMSL; sample depth 1m below water level, 1-2mm
depth into the mat
Lake Waiau sediment
Guaymas Basin
anaerobic ammonium-oxidation (Anammox) bio-reactor
Mono Lake at a depth of 35 m from station 6 in July 2000
white microbial film on pebble substrate in the aphotic zone at a shallow hydrothermal vent region, Volcano
1, South Tonga Arc., depth=189.1m
suboxic freshwater-pond sediment
Guerrero Negro Hypersaline Mat 05; altitude 310m AMSL; sample depth 1m below water level, 4-5mm
depth into the mat
Lonar sediment surface rocks
anaerobic fermentation reactor with waste activated sludge at mesophilic and pH 9.0
wetland
microbial mat from sulfidic cave spring Lower Kane Cave, Big Horn, sample LKC22
waste water
hot spring sediment
suboxic freshwater-pond sediment
Guerrero Negro Hypersaline Mat 06; altitude 310m AMSL; sample depth 1m below water level, 5-6mm
depth into the mat
Guerrero Negro Hypersaline Mat 06; altitude 310m AMSL; sample depth 1m below water level, 5-6mm
depth into the mat
Pearl River Estuary sediments
biofilm from subsurface sulfidic cave stream
microbial mat on tunnel wall
Guerrero Negro Hypersaline Mat 06; altitude 310m AMSL; sample depth 1m below water level, 5-6mm
depth into the mat
lake water
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Freshwater
Freshwater
Hypersaline sediments and mats
Wastewater
Marine sediments
Hypersaline sediments and mats
Freshwater sediments, mats, and soils
Marine sediments
Saline water
Marine sediments
Hypersaline sediments and mats
Hypersaline sediments and mats
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Freshwater sediments, mats, and soils
Marine sediments
Wastewater
Saline water
Marine sediments
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Marine sediments
Wastewater
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Wastewater
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Hypersaline sediments and mats
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Freshwater

AM040118.1
HQ588579.1
JN539850.1

86.22
86.238
86.239

1553
1446
1388

EF580949.1
KM410524.1
GU208338.1
JN482712.1

86.254
86.301
86.354
86.522

1535
1387
1451
1380

JN485257.1

86.531

1381

JN483196.1

86.739

1380

JQ739123.1
CU917547.1
KC358264.1
JN509233.1

86.745
86.927
87.261
87.95

1441
1331
1358
1361

FJ517111.1
EF205450.1
AM902628.1

88.82
89.214
93.155

1458
1437
1417

sandy sediments
Amsterdam mud volcano sediment
Guerrero Negro Hypersaline Mat 10; altitude 310m AMSL; sample depth 1m below water level, 34-49mm
depth into the mat
freshwater calcareous mat
biofilm from subsurface sulfidic cave stream
Dongping Lake sediment
Guerrero Negro Hypersaline Mat 05; altitude 310m AMSL; sample depth 1m below water level, 4-5mm
depth into the mat
Guerrero Negro Hypersaline Mat 06; altitude 310m AMSL; sample depth 1m below water level, 5-6mm
depth into the mat
Guerrero Negro Hypersaline Mat 06; altitude 310m AMSL; sample depth 1m below water level, 5-6mm
depth into the mat
Lonar sediment surface rocks
mesophilic anaerobic digester which treats municipal wastewater sludge
low salinity soda lake, Walker Lake
Guerrero Negro Hypersaline Mat 08; altitude 310m AMSL; sample depth 1m below water level, 10-22mm
depth into the mat
water
geothermal spring mat
subsurface thermal spring
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Marine sediments
Marine sediments
Hypersaline sediments and mats
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Freshwater sediments, mats, and soils
Hypersaline sediments and mats
Hypersaline sediments and mats
Hypersaline sediments and mats
Marine sediments
Wastewater
Saline water
Hypersaline sediments and mats
Freshwater
Freshwater sediments, mats, and soils
Freshwater

Table S4.4. Summary of KEGG Orthology numbers for annotated genes of major metabolic and
energy production pathways found in at least one Kiritimatiellaeota SAG from BLM1. ‘X’
indicates absence of a particular gene.
Gene Annotation
Glycolysis
Hexokinase
Glucokinase
Glucose-6-phosphate isomerase
6-phosphofructokinase
Fructose-bisphosphate aldolase
Glyceraldehyde 3-phosphate dehydrogenase
Phosphoglycerate kinase
2,3-bisphosphoglycerate-independent phosphoglycerate mutase
Glyceraldehyde-3-phosphate dehydrogenase
Enolase
Pyruvate kinase
Pyruvate, orthophosphate dikinase
TCA Cycle
Phosphoenolpyruvate carboxylase
Citrate synthase
Aconitate hydratase 1
Isocitrate dehydrogenase
α-ketoglutarate dehydrogenase
Succinyl-CoA synthetase
Succinate dehydrogenase
Fumarate hydratase A
Malate dehydrogenase
Reverse TCA
Pyruvate:ferrodoxin oxidoreductase
2-oxoglutarate:ferredoxin oxidoreductase
ATP citrate lyase
Fumarate reductase
Pentose Phosphate Pathway
Glucose-6-phosphate dehydrogenase
Gluconolactonase
6-phosphogluconate dehydrogenase
Ribulose-5-phosphate isomerase
Ribulose-5-phosphate 3-epimerase
Transketolase
Transaldolase
Sulfur Metabolism
Thiosulfate dehydrogenase doxD
Nitrogen Metabolism
Nitrite reductase (cytochrome c-552) nrfAH
DNA Packaging Proteins
DNA gyrase gyrA/B
Topoisomerase topA
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KEGG Orthology No.
X
K00845
K01810
K00850
K01624
K00134
K00927
K15633
K00134
K01689
X
K01006
X
K01647
K01681
K00031
X
X
X
K01677
X
K03737
X
X
X
K00036
K01057
K00033
X
K01783
K00615
K00616
K16937
K03385
K02469/K02470
K03168

Single-stranded DNA-binding protein ssb
Chromosome partitioning protein parA and parB
DNA binding protein hupB
Chromosome segregation protein smc
Curved DNA-binding protein cbpA
Integration host factor IHF
Starvation-inducible DNA-binding protein dps
Fis (DNA binding protein)
Diderm Membrane Metabolism
Flagellar L-ring protein precursor FlgH
Flagellar P-ring protein precursor FlgI
Preprotein translocase SecY
Sec-independent translocation TatA protein
Sec-independent translocation TatC protein
Prolipoprotein diacylglyceryl transferase LGT
Lipoprotein signal peptidase Peptidase_A8
Bac_surface_Ag
Bacterial general secretion pathway protein A
Bacterial general secretion pathway protein D
Bacterial general secretion pathway protein E
Bacterial general secretion pathway protein F
Bacterial general secretion pathway protein G
Bacterial general secretion pathway protein K
UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase LpxD
Organic solvent tolerance-like, N-terminal OstA Surf_Ag_VNR
Outer membrane lipoprotein carrier protein LolA
Outer membrane lipoprotein carrier protein LolC
Flagella and Pili Assembly
Type IV pilus assembly protein pilB
Type IV pilus assembly protein pilC
Leader peptidase (prepilin peptidase) / N-methyltransferase pilD/pppA
Type IV pilus assembly protein pilE
Type IV pilus assembly protein pilM
Twitching motility protein pilT
Chemotaxis protein motA/B
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K03111
K03496/K03497
K03530
K03529
X
K04764
X
X
X
X
X
K03116
K03118
K13292
X
X
K02450
K02453
K02454
K02455
K02456
K02460
K02536
X
X
X
K02652
K02653
K02654
K02655
K02662
K02669
X

Table S4.5. Glycoside hydrolase (GH) family-level classification, number of genes, and
predicted activities of GH genes identified in each SAG. Proteins annotated as GHs by a
minimum of two independent annotation methods (any combination of pHMMER, DIAMOND,
or Hotpep) are shown.
Glycoside
hydrolase family

AH-151-K23

AH-147-K21

AH-151-C14

AH-151-A22

GH2

–

2

2

4

GH5
Subfamily 25

–

–

1

1

GH10

–

–

1

1

GH13
Subfamily 9
GH13
Subfamily 11
GH16
GH23
GH27
GH29
GH33

–

1

1

1

–

–

–

1

isoamylase

–
1
–
–
–

–
–
–
2
–

–
–
–
5
–

1
1
1
6
1

GH39

–

–

2

1

GH43

–

–

–

1

GH50

–

1

2

2

GH51

–

–

2

1

GH77

1

–

–

1

GH78
GH88

1
–

1
–

3
1

4
1

GH95

–

2

3

3

GH97

–

–

–

2

GH106

1

2

4

8

GH116

–

–

1

1

GH117

1

–

1

1

GH120

1

–

1

1

GH123

–

–

1

1

GH127
GH129
GH138
GH139
GH140

2
–
–
1
–

2
–
–
–
–

–
1
–
1
1

2
–
1
1
2

GH141

–

–

1

2

glucanase
transglycosylase
α-galactosidase
α-L-fucosidase
sialidase
-L-iduronidase
-xylosidase
β-xylosidase
α-L-arabinofuranosidase arabinanase
xylanase
galactan 1,3-β-galactosidase
α-1,2-L-arabinofuranosidase
exo-α-1,5-L-arabinofuranosidase
[inverting] exo-α-1,5-L-arabinanase
β-1,3-xylosidase
No predictions
α-galactosidase
α-L-arabinofuranosidase
Amylomaltase
4-α-glucanotransferase
α-L-rhamnosidase
d-4,5-unsaturated β-glucuronyl hydrolase
α-L-fucosidase
α-L-galactosidase
Glucoamylase
α-glucosidase
α-galactosidase
α-L-rhamnosidase
β-glucosidase
β-xylosidase
acid β-glucosidase/β-glucosylceramidase
β-N-acetylglucosaminidase
α-1,3-L-neoagarooligosaccharide hydrolase
α-1,3-L-neoagarobiase/neoagarobiose hydrolase
β-xylosidase
β-N-acetylgalactosaminidase
glycosphingolipid β-N-acetylgalactosaminidase
β-L-arabinofuranosidase
α-N-acetylgalactosaminidase
α-galacturonidase
α-2-O-Me-L-fucosidase
apiosidase
α-L-fucosidase
xylanase
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Predicted activitiesa
β-galactosidase
glucouronidase
endoglucanase
xylanase
β-mannanase
endo-1,4--xylanase
endo-1,3--xylanase
1,4-α-glucan-branching enzyme
α-amylase

GH148
GHncb

–
–

–
–

1
–

2
1

β-1,3-glucanase
Unknown

a

Predicted activities for each gene within each glycoside hydrolase family were based on either InterPro
annotations (roman text) or general predictions taken from the CAZy database
(http://www.cazy.org/Glycoside-Hydrolases.html) (italicized text) in cases where InterPro protein
similarity searches were unable to predict gene identity.
b
Non classified glycoside hydrolase genes

Appendix S4.1. Sheet 1. Average amino acid identity (%) matrix for shared proteins between all
Kiritimatiellae genomes in GTDB and the four Kiritimatiellae single amplified genomes (SAGs)
sequenced from BLM1. Sheet 2. Peptidase genes identified in SAG AH-151-K23. Sheet 3.
Peptidase genes identified in SAG AH-147-K21. Sheet 4. Peptidase genes identified in SAG
AH-151-C14. Sheet 5. Peptidase genes identified in SAG AH-151-A22. Sheet 6. RAST/IMG
protein-encoding gene identification cross-reference for protein-encoding genes identified in
AH-151-K23. Sheet 7. RAST/IMG protein-encoding gene identification cross-reference for
protein-encoding genes identified in AH-147-K21. Sheet 8. RAST/IMG protein-encoding gene
identification cross-reference for protein-encoding genes identified in AH-151-C14. Sheet 9.
RAST/IMG protein-encoding gene identification cross-reference for protein-encoding genes
identified in AH-151-A22. The appendix is available for download here:
http://dx.doi.org/10.17632/j6kc9n4hwn.1
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ABSTRACT
To develop a greater understanding of hyporheic zone prokaryotic biogeochemistry, we
took advantage of a piezometer array to obtain pore fluids from six sites associated with the
McCarran Ranch channel bar (MRCB); a partially overgrown fluvial geomorphic feature
comprised of cobble in the Truckee River, NV. Utilizing fluids pumped from this array, we
characterized the prokaryotic community structure, metabolic potential, and aqueous chemistries
of flowing river surface water and porewater. Physical measurements, with the exception of pH
and dissolved oxygen concentration, were relatively consistent among all samples. The
concentrations of potential respiratory electron acceptors were highest in the surface water and
riverbed porewater samples and were sequentially depleted (O2, then NO3-, then SO42-) in
porewater from the MRCB. Similarly, the concentrations of cultivable nitrate reducers and
denitrifiers were highest in river surface water and riverbed porewater despite overall oxic
conditions. Cultivable sulfate reducers were most abundant in surface water and porewater from
a single location in the MRCB but were detected in all samples. Prokaryotic community profile
reconstruction from 16S rRNA gene sequences indicate that the river surface water community
was less diverse than that of all piezometer samples despite having a higher cell density and high
concentrations of various cultivable microbial physiotypes. Furthermore, the putative metabolic
capacity of abundant operational taxonomic units (OTUs) from all samples was indicative of a
shift in metabolic strategy, from aerobic heterotrophy in river surface water (e.g.: OTUs in the
Comamonadaceae and Sporichthyaceae families) to chemolithotrophy and anaerobic
metabolisms (e.g.: Hydrogenophaga spp., Ferribacterium spp., Methanobacterium spp.), along
the hyporheic zone flow path. Collectively, these data indicate that prokaryotic communities
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within the MRCB are phylogenetically and metabolically diverse and contribute to
biogeochemical cycling in this common yet relatively understudied habitat.

INTRODUCTION
The hyporheic zone of a river refers to the aphotic subsurface zone beneath and alongside
a streambed where shallow groundwater and surface water interact. This interaction causes
dynamic fluxes of fluids and solutes that are governed by physical variables imposed by
overlying surface water and tempered by hydrogeologic characteristics of surface and
groundwater (Findlay, 1995), resulting in spatiotemporally heterogeneous nutrient cycling rates
(Moser et al., 2003; Lefebvre et al., 2004). Although the flow path through the hyporheic zone is
often assumed to coincide with the flow path of surface water, flow through the hyporheic zone
represents a dynamic process controlled by permanent and transient hydrologic gradients,
streambed geomorphology, stream stage variation, and other factors discussed elsewhere (Shope
et al., 2012; Trauth et al., 2015).
Hyporheic zones have been classified as ‘biogeochemical hotspots’ (McClain et al.,
2003; Craig et al., 2010; Stegen et al., 2018) due to the influx and mixing of dissolved organic
carbon (DOC) compounds, nutrients, and electron acceptors from surface water with
groundwater (Findlay et al., 1993; Hendricks, 1993; Findlay, 1995; Findlay et al., 2003). This
influx of DOC, nutrients, and electron acceptors stimulates microbial activity in the hyporheic
zone, which is estimated to be responsible for 75-90% of total river ecosystem respiration
(Naegeli and Uehlinger, 1997). Multiple studies have demonstrated that hyporheic zones serve as
ecologically important sinks for organic carbon, oxygen, and nitrogen (primarily nitrate)
(Findlay et al., 1993; Hendricks, 1993; Findlay, 1995; Naegeli and Uehlinger, 1997; Findlay et
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al., 2003; Moser et al., 2003; Febria et al., 2009; Goldman et al., 2017; Hou et al., 2017; Stegen
et al., 2018). Recently, Stegen et al. (2018) proposed a three-component mechanism to describe
the stimulation of biological activity and concomitant removal of thermodynamically favorable
groundwater DOC and thermodynamically less favorable stream water-derived DOC during
hyporheic mixing. Furthermore, Stegen et al. (2018) have demonstrated that shifts in DOC
composition from terrestrially derived DOC in surface water to thermodynamically favorable
DOC in groundwater exert strong deterministic selection pressures that differentiate microbial
communities in surface water, hyporheic zone, and groundwater.
Upon infiltration of river water into the hyporheic zone, the influx of electron acceptors
(O2, NO3-, SO42-) drives the oxidation of both groundwater-derived and stream water-derived
DOC (Stegen et al., 2018). Once oxygen concentrations have been depleted, nitrate reduction
and denitrification, followed by sulfate reduction, are the preferred alternative energy pathways
for a wide variety of microorganisms when dissolved oxygen concentrations are limiting but
nitrate and/or sulfate remain available. Microbial nitrate reduction/denitrification has been
documented in a number of hyporheic zone environments (Hill and Lymburner, 1998; Morrice et
al., 2000), including overall oxygenated systems (Duff and Triska, 1990; Holmes et al., 1996;
Moser et al., 2003; Lefebvre et al., 2004), where it likely occurs in anoxic microniches.
Likewise, sulfate-reducing microorganisms have been cultured from hyporheic fluids (Moser et
al., 2003), suggesting that microorganisms in the hyporheic zone have the potential for sulfate
reduction. More recently, reactive transport models have shown that hyporheic zones,
particularly those dominated by partially submerged morphological structures such as channel
bars, have higher capacity for anaerobic respiration (nitrate reduction, denitrification, sulfate
reduction) compared to fully submerged geomorphic structures due to increased water residence
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times (Trauth et al., 2015). Thus, hyporheic exchange and microbial activity in partially
submerged channel bars may be an ecologically important sink for natural and anthropogenic
sources of nitrogen (Ock et al., 2015) and sulfate.
Despite much progress in our understanding of hyporheic zones of submerged features
(e.g.: riverbeds) and parafluvial features (e.g.: river banks), less attention has been given to
partially submerged fluvial features, such as gravel bars and fluvial islands despite their
abundance in rivers (Osterkamp, 1998). Stream water enters the hyporheic zone of fluvial islands
via advective flow where residence time and flow paths are strongly influenced by hydraulic
gradients, stream morphology, and river stage (Findlay, 1995; Dent et al., 2007; Francis et al.,
2010; Schmidt et al., 2012; Shope et al., 2012; Trauth et al., 2015). Similar to what has been
observed for fully submerged and parafluvial hyporheic zones (Duff and Triska, 1990; Holmes et
al., 1996; Hill and Lymburner, 1998; Morrice et al., 2000; Moser et al., 2003; Lefebvre et al.,
2004), Zarnetske and colleagues (2011) have measured the rapid utilization of dissolved oxygen
and dissolved organic carbon, followed by strong induction of denitrification (anaerobic
metabolism) in a gravel bar hyporheic zone. This observation highlights the importance of
partially submerged riverine features for hyporheic interactions and nutrient exchange (Shope et
al., 2012) and predicted higher capacity for denitrification (Trauth et al., 2015) compared to fully
submerged features.
To date, studies have evaluated microbial community structure of hyporheic zones via
low-throughput methods including phospholipid fatty acid analysis (PLFA) (Feris et al., 2003a;
Moser et al., 2003; Hullar et al., 2006), denaturing gradient gel electrophoresis (DGGE) (Feris et
al., 2003a; Feris et al., 2003b) and other gel electrophoresis-based methods (Findlay et al., 2003),
and terminal restriction fragment length polymorphism (TRFLP) analysis (Hullar et al., 2006;
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Febria et al., 2009). These techniques allow for determination of qualitative changes in microbial
communities but do not allow for comprehensive phylogenetic reconstruction of microbial
community structure. Despite the limitations associated with these techniques, early work on
microbial community composition of submerged and parfluvial hyporheic zones found that
community structure varied seasonally in response to changes in DOC concentrations and
composition, concentration of electron acceptors, and temperature (Feris et al., 2003b; Hullar et
al., 2006; Febria et al., 2009). More recently, high-throughput 16S rRNA gene amplicon
sequencing methods have allowed for comprehensive characterization of hyporheic zone
microbial communities (Goldman et al., 2017; Hou et al., 2017; Stegen et al., 2018). For
example, Goldman et al. (2017) have shown that inundation dynamics drive bacterial, archaeal,
and fungal community structures and aerobic respiration rates in parafluvial hyporheic zone
sediments. Hou et al. (2017) have demonstrated that microbial density and community structure
in hyporheic zone sediments are affected by permeability, with coarse-grained material having
higher biomass and microbial activity than fine-grained material. Furthermore, Stegen et al.
(2018) found that differences in microbial community structure between river water and
hyporheic zone communities were associated with shifts in DOC composition (lignin-like
compounds in river water and amino sugar compounds in the hyporheic zone).
The objective of the current study was to obtain a robust understanding of microbial
community structure and metabolic potential from surface and porewater fluids collected along a
transect through the McCarran Ranch channel bar (MRCB), a partially submerged fluvial
geomorphic feature composed of well-sorted large cobble in the Truckee River, Nevada.
Utilizing fluids pumped from a previously installed hydrologic piezometer array (Shope et al.,
2012), we characterized the bacterial and archaeal community structure, metabolic potential via
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cultivation studies, and aqueous chemistries of flowing river surface water and porewater
samples in parallel to obtain a robust understanding of microbial biogeochemical transformations
in the MRCB. Our study highlights the ecological importance of hyporheic zones from partially
submerged fluvial islands in nutrient and elemental cycling and their potential role in the natural
attenuation of anthropogenic contaminants, such as nitrate.

MATERIALS AND METHODS
Site description and hydraulic properties
The McCarran Ranch channel bar (MRCB) is a long-lived geomorphic feature of the
Truckee River located 27 km east of Reno, Nevada (39o32’49.05 N 119o33’30.01 W, Figure 5.1)
and 16 km downstream of the Truckee Meadows Water Reclamation Facility (TMWRF). The
channel bar (60 x 198 m) is oriented roughly southwest/northeast with the long axis running
parallel to the flow of the river and exhibits a 1.46 m surface elevation drop over the length of
the channel bar. The bar is separated from the shoreline by flowing river channels of about 30 m
wide on both sides. Under base flow conditions, the MRCB surface is approximately 1.2 m
above the river stage and the southeast river channel is approximately 0.2 m higher than the
northwest river channel (Shope et al., 2012). The bar was reworked during flooding in the late
1990s and is composed of course, well-sorted stream cobble, with varying amounts of silt
occupying relatively large pores between the cobble and little sand. The lateral edges of the
MRCB are occupied by dense stands of Fremont Cottonwood (Populus fremontii), willow (Salix
boothi), and Mountain Alder (Alnus incana).
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Figure 5.1. Study site. The McCarran Ranch channel bar, a fluvial geomorphic feature in the
Truckee River, is located 29 km east of Reno, NV. Sample locations and sample names are
noted. Generalized hyporheic flow paths are shown as white arrows and regions where the
channel bar is gaining (infiltration) and losing (exfiltration) water from hyporheic flow are
indicated by blue and red hatch polygons, respectively (adapted from Shope et al. 2012). Dense
stands of Fremont Cottonwood (Populus fremontii), willow (Salix boothi), and Mountain Alder
(Alnus incana) are present along the edges of the channel bar.
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In the early 2000s, an expansive piezometer array was installed throughout the MRCB
and adjacent river channel to understand fluid flow dynamics through the channel bar. The
piezometers consisted of 2.1 cm schedule 40 PVC pipe, mechanically inserted into the course
substrate to depths ranging from 1.11 -1.78 m below ground surface and screened over the
bottom 2 – 5 cm. Work using temperature loggers, pressure transducers, and stage recorders
from this piezometer network within and around the channel bar revealed a complex mixing
regime between groundwater and river water (Shope et al., 2012). Groundwater mounding
throughout the MRCB is variable and largely dependent on river stage, although, under base
flow conditions, groundwater mounds exist approximately 60 m downstream of the leading edge
of the MRCB and 5-10 m upstream of the tail end of the MRCB (Shope et al., 2012). However,
transient groundwater mounds and depressions develop seasonally and following precipitation
events. Specifically, on 11 September 2007 (six days prior to sample collection), lateral water
flow (southward) from the northwestern river channel to piezometer IW27, due to a transient
hydraulic gradient, and a groundwater depression near the leading edge of MRCB was observed
(Shope et al., 2012). Hydraulic conductivity estimates of the bar from falling-head slug tests
ranged from 2.03 x 10-4 m s-1 to 3.29 x 10-7 m s-1 (Shope et al., 2012), suggesting that water
residence times through the MRCB could be highly spatially variable.

Sample collection and physical measurements
Samples and physical measurements were obtained from water pumped from river
surface water (RW) and piezometers (P60, IW36, IW25, IW02, and IW27) via a portable
Masterflex E/S peristaltic pump (Cole-Parmer, Vernon Hills, IL) and autoclaved LS-15
platinum-cured silicone tubing (Cole-Parmer, Vernon Hills, IL) on 17 September 2007. With the
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exception of P60, all piezometers were located within the MRCB. P60 was positioned within a
riffle approximately 10 m upstream of the leading edge of the MRCB. Prior to sample collection,
1 L of water was pumped from each of the piezometers and discarded to minimize the impact of
stagnant water within the piezometer. Dissolved oxygen, temperature, and conductivity
measurements were taken with a YSI 6600 sonde and multiparameter meter (YSI, Inc., Yellow
Springs, OH) fitted with a flow cell. Turbidity measurements were obtained using a LaMotte
2020 meter (LaMotte, Chesterton, MD). Water samples for chemical analysis were passed
through 0.22 μm nylon filters (Pall, Port Washington, NY), collected in triple-rinsed 500 mL
Thermo Scientific Nalgene HDPE plastic bottles (Waltham, MA), and stored on ice or
refrigerated until analyzed (within 2 days). Microbial biomass for DNA analysis was
concentrated on 0.22 μm Supor polyethersulfone membrane filters (Pall, Port Washington, NY)
from 500-750 mL of water per sample (60 mL for RW due to abundance of suspended
particulate matter which clogged the filter) and frozen onsite using dry ice. Samples for
microbial cultivations were collected in sterile 50 mL polypropylene conical centrifuge tubes,
placed immediately on ice, and used for inoculations in the laboratory within 24 hrs. Samples for
microbial direct counts were taken in the same manner but preserved with 2.5% v/v
glutaraldehyde.

Chemical analysis of porewater and river water
Alkalinity measurements were performed in the field by titrating to pH 4.5 using the
reagents and autotitrator from a Hach Alkalinity kit (LHC20637-00, Hach, Loveland, CO) and
portable pH meter (LaMotte, Chestertown, MD). All other chemical analyses were performed at
the Desert Research Institute Water Laboratory (Reno, NV) according to EPA procedures
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(USEPA, 1979; Greenberg et al., 1992; USEPA, 1993). Nitrate, nitrite and ammonium were
analyzed using automated colorimetric analyzers (Alpkem RFA 300 and Technicon Automated
Colorimetric Analyzers) and EPA method SM 4500-NO3 F and SM 4500-NH4 F. Dissolved
organic carbon (DOC) was measured with an Astro 2001 Carbon Analyzer using heated
persulfate oxidation, followed by IR measurement of the non-purgeable organics (EPA method
SM 5310C). Sulfate was measured according to EPA method 300 by ion chromatography
(Dionex Model ICS 2000). Soluble iron and manganese were measured with a Thermo
Elemental SOLAAR M5 Atomic Absorption Spectrometer according to EPA method SM 3111B.

Cultivation of microorganisms
Densities of cultivable microbial cells of various physiotypes were estimated using the
most probable number (MPN) technique (Woomer, 1994). Incubations were performed without
agitation at room temperature (~22oC) to approximate environmental conditions and results were
recorded 1 week after inoculation. Except when otherwise noted, cultures were scored as positive
for growth based upon visible turbidity. Aerobic heterotrophs were enumerated using R2B liquid
medium (Reasoner and Geldreich, 1985) diluted to extinction (serial 10-fold) in duplicate slipcap culture tubes (16 mm, borosilicate). Anaerobic cultivations (for nitrate-, sulfate-, and ironreducing bacteria) were performed using Hungate technique (Miller and Wolin, 1974; Balch et
al., 1979) in 20 mm Balch tubes crimp sealed with blue butyl rubber stoppers (Bellco Glass,
Vineland, NJ) with an H2/CO2/N2 headspace (5%/20%/75%). All anaerobic media were prereduced using 0.025% w/v cysteine-HCl and the redox indicator resazurin was added to a final
concentration of 1 g mL-1. Nitrate-reducing microorganisms were cultivated in R2B broth plus
0.05% w/v KNO3 and assessed for growth by visual turbidity, nitrate reduction to nitrite with
180

Nitrate Reagents A, B, and C (Hardy Diagnostics, Santa Maria, CA), and gas production
(presumably N2) as evidenced by the accumulation of gas inside an inverted Durham tube
(Greenberg et al., 1992). Iron-reducing microorganisms were cultivated in M1 medium (Myers
and Nealson, 1988) with sodium lactate, acetate, and formate (5 mM each) added as electron
donors, and Fe(III)-nitrilotriacetate (10 mM) as an electron acceptor (Kostka and Nealson, 1998).
A change from turbid orange to clear with a dark brown precipitate (magnetite) was considered
indicative of iron-reducing microorganisms. Sulfate-reducing microorganisms were cultivated in
Postgate medium B (Postgate, 1984) and scored according to the formation of turbidity and black
precipitates.

Microscopy
Direct microbial cell counts were performed as described previously (Porter and Feig,
1980; Moser and Nealson, 1996). Briefly, 1.0 mL aliquots of glutaraldehyde-fixed cells were
stained with 0.03% w/v 4'-6-diamidino-2-phenylindole (Sigma-Aldrich, Darmstadt, Germany),
concentrated onto 25 mm, 0.22 μm black polycarbonate membrane filters (GE Osmonics, Inc.,
Minnetonka, MN), and washed with two volumes of deionized H2O. Fluorescing cells were
counted from >30 fields on randomized slides (to eliminate user bias) using a Zeiss Axioscope
microscope (Zeiss, Oberkochen, Germany) equipped with a DAPI-FITC filter. Original cell
densities were estimated by back calculation.

DNA extraction, library preparation, and 16S rRNA gene sequencing
Total genomic DNA was isolated from one 0.2 μm polyethersulfone filter per sample
location with the MoBio PowerSoil DNA Isolation Kits (MoBio, Carlsbad, CA) according to the
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manufacturer’s instructions, with the addition of a freeze-thaw step prior to bead-beating (30 min
at -80°C, 10 min at 65°C). Library preparation and Illumina sequencing were performed at
Molecular Research LP (MRDNA, Shallowater, TX). Library preparation was carried out via
PCR using modified primer sequences targeting the V4 hypervariable region of the 16S rRNA
gene found in Prokaryotes (F515 [5’-GTGYCAGCMGCCGCGGTAA-3’] (Parada et al., 2016)
and 806R [5’-GGACTACHVGGGTWTCTAAT-3’] (Caporaso et al., 2011)), with 8-nucleotide,
sample-specific barcodes on the forward primer. PCR products from all samples were quantified,
normalized, and pooled. This PCR product pool was then purified with Agencourt AMPure XP
beads (Beckman Coulter, Inc., Brea, CA) and used to generate a sequencing library according to
the Illumina TruSeq DNA PCR-Free library preparation kit protocol (Illumina, Inc., San Diego,
CA). The final sequencing library was sequenced in one Illumina MiSeq instrument run using
the 2x300 MiSeq Reagent Kit v2 according to the manufacturer’s guidelines (Illumina, San
Diego, CA). The raw, demultiplexed 16S rRNA gene sequence libraries were deposited in the
European Nucleotide Archive under project accession number PRJEB25995.

16S rRNA gene sequence libraries analysis
Raw 16S rRNA gene sequence libraries were analyzed with QIIME 1.9.1 (Caporaso et
al., 2010b). In total, 396,171 paired-end reads were generated (Table S5.1). Because read length
(300 base pairs) was longer than predicted amplicon length (~291 base pairs), forward and
reverse reads were trimmed to 250 base pairs with the truncate_fasta_qual_files.py command.
The resulting trimmed paired-end reads were merged according to the fastq-join method
(Aronesty, 2011) using default parameters. Merged reads containing ambiguous (‘N’ characters)
and low-quality base calls (Phred score <30) were removed. Chimeric sequences were identified
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with the usearch61 algorithm (Edgar, 2010) and removed. Operational taxonomic units (OTUs)
were generated from the 207,068 high-quality nonchimeric sequences, based on 97% sequence
similarity, and taxonomy assignments made with a subsampled open-reference OTU-picking
strategy using usearch61 and uclust (Edgar, 2010) against the SILVA_128 curated database
(Pruesse et al., 2007; Quast et al., 2013; Yilmaz et al., 2014). OTUs supported by less than
0.005% of all sequences (10 sequences per OTU) were removed. A phylogenetic neighborjoining tree (Price et al., 2010), based on PyNAST-aligned OTU sequences (Caporaso et al.,
2010a), was generated and used for alpha and beta diversity metrics. Lastly, the OTU table was
rarefied to a depth of 10,000 sequences per sample to account for differences in sequencing
depth. Alpha diversity metrics (observed OTU richness, Chao1 estimated richness, Faith’s
Phylogenetic Diversity index, and Shannon’s index) and pairwise UniFrac (Lozupone et al.,
2011) distances between samples were calculated from 100 rarefied OTU tables.

Data analysis
Figures were generated and subsequent analyses were conducted in R (R Core Team,
2014) with the vegan v. 2.2-1 (Oksanen et al., 2015) and ape v. 3.2 (Paradis et al., 2004)
packages. Clustering of prokaryotic communities was evaluated by constructing a dendrogram
based on unweighted pair group method with arithmetic mean (UPGMA)-clustering of
abundance-weighted and -unweighted UniFrac distances. Node support values were calculated
from 100 rarefied OTU tables of 10,000 sequences per sample. Chemistry data (with the
exception of dissolved oxygen percent saturation values) were normalized by z-score
transformation and pairwise Euclidean distances between samples were calculated. Individual
chemistry values below the limit of detection were set to zero to allow for calculation of z-
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scores. A principal component analysis ordination was generated from these pairwise Euclidean
distances to identify similarities of chemical profiles between samples.

RESULTS
Field measurements and water chemistry
Physical and chemical characteristics of water samples are shown in Table 1. Surface
river water (RW) upstream of the piezometer network was characterized by the highest pH,
dissolved oxygen (DO) concentration, dissolved organic carbon (DOC) concentration, and
highest concentrations of several potential anaerobic electron acceptors (NO3- and SO42-)
compared to all piezometer samples. Overall, concentrations of NO3- and SO42 generally declined
along the inferred flow path (Table 5.1, Figure 5.2), whereas, the concentration of dissolved
inorganic carbon (DIC), another potential electron acceptor, increased. Conversely, the
concentrations of alkalinity, orthophosphate, and physiological electron donors (Fe2+, Mn2+, and
NH3) were lowest in RW. Electron donors generally increased along the inferred hyporheic flow
path (Table 5.1). Aggregated concentrations of bioavailable nitrogen species were 0.03 mg L-1
for RW, 0.068 mg L-1 for P60, 0.137 mg L-1 for IW36, 0.126 mg L-1 for IW25, 0.387 mg L-1 for
IW02, and 0.025 mg L-1 for IW27.
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Figure 5.2. Major electron acceptor concentrations. Changes in concentrations of major electron
acceptors (O2, NO3-, and SO42-) along the inferred hyporheic flow path (from left to right in the
diagram) from single measurements. Dissolved oxygen concentrations (blue circles with a blue
dashed line) are plotted against the left axis in mg L-1. Dissolved NO3- and SO42- concentrations
(black triangles with a black dot-dashed line and red squares with a red dotted line, respectively)
are plotted against the right axis (g L-1).
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Table 5.1. Physical and chemical characteristics of water samples.
aRW
bP60
IW36 IW25 IW02 IW27
Physical measurements
Temp (oC)
18.7
19.03
21.39
20.37
23.02
22.9
Turbidity (NTU)
3.43
3.15
3.58
2.72
2.48
2.73
Conductivity (mS/cm)
0.258
0.268
0.280
0.270
0.283
0.318
pH
8.18
7.60
7.00
6.65
6.94
6.84
dO2 (mg/L)
9.58
2.69
2.35
1.06
0.96
0.87
dO2 (% saturation)
102.3
35.9
27.3
11.8
11.2
10.1
Carbon/phosphorus (mg/L)
Alkalinity as CaCO372
78
86
84
88
112
DOC
2.9
1.7
2.1
2.6
2.0
1.8
P as O-PO40.024
0.063
0.036
0.094
0.044
0.071
Anaerobic electron acceptors (mg/L)
N as NO30.015
0.015
0.006
0.003
0.004
0.003
N as NO2
0.001
<0.001 <0.001 0.001
0.002
0.002
SO4223.6
22.9
17.4
13.6
17.1
12.7
Electron donors (mg/L)
c 2+
Fe
0.03
0.16
2.77
1.88
2.63
0.53
d
Mn2+
0.02
0.20
0.65
0.78
0.71
0.06
N as NH3
0.014
0.053
0.311
0.122
0.381
0.020
a
Surface water sample.
b
River porewater/hyporheic zone sample.
c
Soluble iron (field filtered) assumed to be mostly in the ferrous (Fe2+) state.
d
Soluble manganese (field filtered) assumed to be mostly in the manganous (Mn2+) state.

The riverbed porewater sample (P60), collected from 48 cm below the riverbed, had
similar physicochemical characteristics to RW (Figure 5.3). Despite their close physical
proximity, pH, DO, and DOC were lower and the concentrations of electron donors were higher
in P60 relative to RW. With the exception of IW27 at the downstream end of the channel bar,
porewater chemistry profiles for channel bar samples were similar (Figure 5.3). Porewater within
the channel bar became increasingly oxygen depleted along the inferred flow path, ranging from
2.35 mg L-1 (27.3% saturation) in sample IW36, to 0.87 mg L-1 (10.1% saturation) at the
downstream end of the transect (IW27, Table 5.1, Figure 5.2). The chemical profile of IW27
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porewater was characterized by higher alkalinity and lower DO, SO42- , Fe2+, Mn2+, and NH3
compared to all other samples within the channel bar.

Figure 5.3. Chemistry PCA. Principal component analysis ordination of pairwise Euclidean
distances between samples of z-score-transformed chemistry data (Table 5.1). Collectively, PC1
and PC2 account for 74.4% of the variation among these six chemistry profiles.

Enumeration of microbial physiotypes
Cell density was highest in RW compared to the piezometer samples (2.8 x 106 cells mL1

, Table 5.2). Cell densities from piezometer porewater samples ranged from 2.8 x 105 to 8.2 x
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105 cells mL-1 and displayed no apparent pattern throughout the MRCB. The concentration of
cultivable aerobic heterotrophs was highest in RW and P60, decreased to 2.3 x 102 cells mL-1 at
IW25, and increased by an order of magnitude at IW02 and IW27. The concentrations of
cultivable microorganisms capable of dissimilatory nitrate reduction and gas production from
denitrification followed a pattern similar to that of cultivable aerobic heterotrophs, with the
highest concentrations being found in RW and P60. Cultivable denitrifiers were found in low
concentrations or undetected throughout MRCB porewater samples. Cultivable sulfate reducers
were detected in all samples, with the highest concentrations in IW25 and RW. Cultivable Fe3+
reducers were only detected in RW.

Table 5.2. Cell concentrations (cells mL-1) from raw water samples (direct microscopic counts)
and for microbial physiotypes determined from in vitro cultivation.
RW
P60
IW36
IW25
IW02
IW27
6
5
5
5
5
Direct counts (DAPI staining)
2.5x10 8.1x10 5.2x10 8.2x10 2.8x10 3.2x105
Aerobic heterotrophs
7.0x106 2.3x105 6.1x102 2.3x102 5.9x103 2.3x103
Nitrate reducers
a
Growth
5.9x103 2.3x104 2.3x102 4.6x100 2.3x103 2.3x101
b
Nitrate reduction
5.9x103 1.3x103 2.3x102
n.d.
2.3x102 2.3x101
c
0
2
1
Gas production
6.0x10 6.1x10 6.1x10
n.d.
6.0x100 2.3x101
Iron reducers
6.1x101
n.d.
n.d.
n.d.
n.d.
n.d.
3
1
1
3
1
Sulfate reducers
2.3x10 6.1x10 6.1x10 5.9x10 6.1x10 6.1x102
n.d. – not detected
a
Based upon visible turbidity in culture tube.
b
Confirmed with Hardy Diagnostics (Santa Maria, CA) Nitrate Reagents A, B, and C.
c
Inferred from gas accumulation in an inverted Durham tube.
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Microbial community structure
In total, 3,108 operational taxonomic units (OTUs) were detected from the 150,101
quality- and abundance-filtered sequences analyzed in the 16S rRNA gene libraries (Appendix
S5.1). The microbial community of RW was the least diverse of all samples (Student’s t-test,
p<0.001 for all metrics) (Table S5.2). OTU richness, Chao1 estimated richness, and Faith’s
phylogenetic diversity (PD) estimates for P60 were twice as high as RW. Alpha diversity metrics
remained relatively constant among all porewater samples (P60, IW36, IW25, IW02, and IW27).
However, hierarchical clustering of abundance-weighted UniFrac distances, a quantitative
measure of phylogenetic similarity between pairs of samples, indicated that the microbial
community structure of RW was most similar to the microbial community structures of P60 and
IW25 despite having significantly lower alpha diversity (Figure S5.1). Likewise, IW27, IW02,
and IW36 formed their own clade in the cluster diagram, indicative of similar microbial
community structures among these samples.
The RW sample was dominated by Betaproteobacteria, Actinobacteria, and Bacteroidetes
(Figure 5.4, Appendix S5.1). The most abundant OTUs detected in RW were an OTU in the
Comamonadaceae family of Betaproteobacteria (OTU 900, 9.3% relative abundance), an OTU in
the Pseudarcicella genus of Bacteroidetes (OTU 613, 7.8%), two OTUs in the hgcl clade of the
Sporichthyaceae family of Actinobacteria (OTUs 803 and 916, 4.7% and 3.8% relative
abundance), and an OTU identified as the Betaproteobacterium Acidovorax facilis (OTU 889,
3.5%) (Table S5.3). The riverbed porewater sample (P60) was dominated by Betaproteobacteria,
Deltaproteobacteria, Alphaproteobacteria, and Unassigned taxa. The most abundant OTUs in
P60 were an OTU in the Dechloromonas genus of Betaproteobacteria (OTU 269, 3.7%), an OTU
in the Rhodobacter genus of Alphaproteobacteria (OTU 574, 2.8%), an OTU in the Rhodococcus
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genus of Actinobacteria (OTU 619, 2.3%), an OTU in the Sideroxydans genus of
Betaproteobacteria (OTU 897, 1.8%), and an OTU in the Ruminiclostridium genus of Firmicutes
(OTU 2555, 1.4%). These five OTUs were comparatively rare (<0.2%) in all other samples.

Figure 5.4. Prokaryotic community composition. Phylum-level taxonomic bar chart for
prokaryotic communities from Truckee River and McCarran Ranch channel bar surface and
porewater samples. The Proteobacteria have been subdivided into classes. Only prokaryotic
phyla/classes with abundances 1% are shown. Phyla/classes present in <1% are included
collectively as “Phyla <1%.”
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With the exception of IW25, microbial communities from porewater samples within the
channel bar were similar (Figures 5.4 and S5.1). In general, these communities were dominated
by Deltaproteobacteria, Betaproteobacteria, Omnitrophica (OP3), and Unassigned taxa. The most
abundant OTUs within the channel bar were an OTU in the Hydrogenophaga genus of
Betaproteobacteria (OTU 809, x̅ = 7.0%), an OTUs in the Methanobacterium genus of
Euryarchaeota (OTU 538, x̅ = 2.4%), an OTU in the Ferribacterium genus of Betaproteobacteria
(OTU 276, x̅ = 1.8%), an OTU in the Peptococcaceae family of Firmicutes (OTU 624, x̅ =
1.4%), and an OTU in the Candidatus Omnitrophus genus of Omnitrophica (OTU 220, x̅ =
1.2%) (Table S5.3).
The IW25 microbial community, which formed a clade with P60 and RW (Figure S5.1),
was dominated by Deltaproteobacteria, Omnitrophica, Firmicutes, and Unassigned taxa (Figure
5.4, Appendix S5.1). The most abundant OTUs were an OTU in the Belgica2005-10-ZG-3 class
of Nitrospinae (OTU 2229, 2.4%), an unclassified OTU belonging to Omnitrophica (OTU 1345,
1.7%), an OTU in the Halanaerobiales order of Firmictues (OTU 1855, 1.4%), an unclassified
OTU in the Parvarchaeota phylum (OTU 2051, 1.4%), and an OTU in the Hydrogenophaga
genus of Betaproteobacteria (OTU 809, 1.4%), which was also the most abundant OTU among
all other channel bar porewater communities (Table S5.3).

DISCUSSION
Physical and chemical parameters
Measured DOC, nitrogen, and phosphorus concentrations were indicative of oligotrophic
conditions in all samples despite treated wastewater discharge into the Truckee River by
TMWRF 16 km upstream. Nitrogen:phosphorus molar ratios were approximately 3:1 for RW,
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2:1 for P60, 19:1 for IW36, 3:1 for IW25, 19:1 for IW02, and 1:1 for IW27, and were indicative
of nitrogen limitation (for N:P ratios <16:1) or co-limitation of nitrogen and phosphorus
(Redfield, 1958). The increase in aggregated concentrations of all dissolved nitrogen species
within the MRCB compared to RW and P60, with the exception of IW27, suggests that nitrogen
fixation and/or deamination of proteins from plant root exudates throughout the MRCB serves as
an important source of nitrogen for microorganisms inhabiting the MRCB hyporheic zone.
Dissolved oxygen concentrations showed a general declining trend along the longitudinal
length of the MRCB (corresponding to the overall downstream longitudinal flow pattern (Shope
et al., 2012)) and were much lower in porewater samples (10-36% saturation) compared to RW
(102.3% saturation) (Table 5.1, Figure 5.2). Consistent with a decline in DO, the concentrations
of electron acceptors that might be used under suboxic and anaerobic conditions (NO3- and SO42) were also depleted within the channel bar compared to RW and P60, indicative of anaerobic
metabolism. Conversely, the concentrations of potential electron donors (Fe2+, Mn2+, and NH3)
were enriched in MRCB porewater compared to RW and P60 (with the exception of IW27),
indicative of anaerobic metal reduction (Fe2+ and Mn2+), dissimilatory nitrate reduction to NH3
(Cruz-Garcia et al., 2007; Jetten, 2008), and/or anaerobic deamination of proteins during
fermentation (Krause and Russell, 1996).
Zarnetske et al. (2011) have demonstrated that rates of DO and DOC removal (from
heterotrophy) were highest when water residence times were short (<6.9 hours) and
denitrification rates were highest during longer residence times in a gravel bar hyporheic zone.
Despite a sharp decrease in both DO and NO3- in the MRCB porewaters, no consistent trend was
apparent in the concentrations of DOC, but all were lower in porewaters than in RW (1.7 – 2.6
mg L-1 vs. 2.9 mg L-1, Table 1, Fig. S2). In spite of the slight drop in overall DOC, the pH of
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porewater within the MRCB was substantially lower than the RW (e.g. 6.65 – 7.00 vs. 8.18,
Table 5.1). This result is consistent with the accumulation of organic acid fermentation products
being favored over an accumulation of sulfide from sulfate reduction or loss of CO2 from
autotrophy, especially since DIC increased along the flow path. Influx of streamwater-derived
DOC and terminal electron acceptors (e.g. O2, NO3-, SO42-) into the hyporheic zone stimulates
microbial respiration, which results in a decrease in DOC and terminal electron acceptor
concentrations and a concomitant increase in DIC (Findlay et al., 1993; Findlay, 1995; Findlay et
al., 2003; Stegen et al., 2018). Furthermore, stimulation of aerobic respiration and metabolism of
DOC is particularly pronounced at downwelling zones (Hendricks, 1993; Febria et al., 2009;
Stegen et al., 2018), which may help explain the increased DOC concentration at IW25 relative
to all other porewater samples as this correlates with the location of a significant predicted
groundwater mound.
Despite lower DO concentrations in the hyporheic zone underlying the stream channel
(P60) compared to overlying RW, there were no other chemical indications of anaerobic
metabolism induction at P60. In aquatic systems, nitrate is generally the first alternative electron
acceptor utilized after oxygen (Thauer et al., 1977; Zehnder and Stumm, 1988; DiChristina,
1992; Steinberg et al., 1992); however, the fact that nitrate concentrations were the same for both
RW and P60 suggests that anaerobic metabolism was not strongly induced within the riverbed at
this location or that nitrate losses were masked by continual influx of surface water into the
subsurface at P60. The latter scenario is likely since this location coincides with the upper
boundary of a major riffle structure in a losing reach and the hydraulic conductivity within the
streambed was an order of magnitude higher than the MRCB (Shope et al., 2012), indicative of a
short water residence time compared to the MRCB. The lack of depletion in sulfate
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concentrations, which would otherwise be consumed by sulfate-reducing bacteria under
anaerobic conditions, also supports overall aerobic conditions within riverbed cobble. Likewise,
soluble iron and manganese, which would accumulate due to the activity of anaerobic metal
reducers, are not significantly elevated in the riverbed porewater sample. Finally, ammonia,
which can result from dissimilatory nitrate reduction (Cruz-Garcia et al., 2007) or from the
anaerobic deamination of proteins during fermentation (Krause and Russell, 1996), was not
enriched in this sample. Collectively, these data indicate that anaerobic processes within the
riverbed are precluded by the presence of oxygen concentrations sufficient to greatly inhibit or
prevent anaerobic processes, possibly maintained by infiltration from overlying surface water.
However, nitrate reduction and other anaerobic processes may have been occurring at greater
depth than was sampled or in unsampled streambed upwelling zones further downstream.
Whereas indications of complete anoxia were not obtained at any point along the flow
path, it is important to note that the short water columns within the piezometers were open to the
atmosphere during sampling. Thus, it is likely that actual porewater dissolved oxygen
concentrations were lower than detected due to air contamination during pumping/sample
collection. Certainly, the removal of nitrate and sulfate and the coincident accumulation of
soluble metals (Fe2+ and Mn2+) are indicative of the presence of anaerobic microhabitats within
the MRCB hyporheic zone. The presence of anaerobic processes within bulk aerobic hyporheic
zone has been reported previously (Zarnetske et al., 2011; Hou et al., 2017). This is generally
attributed to stream-derived organic loading causing heterogeneous stimulations in biological
oxygen consumption along otherwise oligotrophic and/or oxygenated hyporheic flow paths
(Holmes et al., 1996; Morrice et al., 2000). As DOC concentrations in porewater samples were
higher throughout the MRCB than at P60, probably owing to plant root exudates from a dense
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stand of Fremont Cottonwood, willow, and Mountain Alder that occupied the leading edge of the
MRCB, it is likely that this organic carbon loading induced microbial activity throughout the
MRCB. Although this hypothesis was never empirically tested, this possibility is supported by
the precipitous decline in dissolved oxygen concentrations between P60 and IW25, an increase in
DIC concentrations indicative of carbon metabolism, and observations of stream-derived labile
DOC stimulating microbial activity in hyporheic zone fluids (Findlay et al., 1993; Hendricks,
1993; Findlay, 1995; Findlay et al., 2003)
Although DO concentration was lowest at IW27, only a slight decrease in NO3- and SO2concentrations were observed compared to IW02, directly upstream from IW27 in the MRCB.
Additionally, the concentrations of soluble metals and ammonia were much lower (Fe2+ was 5X
lower, Mn2+ was 11X lower, and NH3 was 19X lower) than IW02. Taken together, these data
may be indicative of decreased metabolic productivity, although lateral water flow (southward)
from the western river channel to IW27, due to a transient hydraulic gradient observed on 11
September 2007 (Shope et al., 2012) could be responsible for the observed lower concentrations
of these dissolved constituents.

Metabolic diversity within the hyporheic zone
Total cell concentrations as determined by microscopic direct count in the porewater
samples were consistently lower than those in RW (2.8 x 105 – 8.1 x 105 vs. 2.5 x 106 cells mL-1,
Table 5.2) and were within an order of magnitude of cell abundances reported in other hyporheic
fluids (Findlay et al., 1993). However, it is unusual to observe higher concentrations of cultivable
microorganisms than total cell concentration. Typically, cultivable cell counts are lower by
several orders of magnitude than direct counts because the majority of environmental
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microorganisms are considered uncultivable (the so-called great plate count anomaly (Staley and
Konopka, 1985)). However, this observation may reflect an undercount of cells by direct
methods due to the tendency of cells to form dense aggregates. Certainly, the high concentration
of aerobic heterotrophs from the RW sample indicates that the choice of cultivation medium (R2
broth) was appropriate and that a high proportion of the cells in river surface water were capable
of growth under aerobic conditions. In the porewater samples, the concentration of cultivable
aerobes as a percentage of total cells decreased precipitously (e.g. cultivable aerobes were 2 – 3
orders of magnitude lower in abundance than total cells). This result indicates that the microbial
populations within the MRCB and in the surface river water were distinct and that many of the
cells within the MRCB were adapted to survive under anaerobic/microaerophilic or oligotrophic
conditions.
The concentrations of cultivable anaerobic microorganisms (as exemplified by sulfate
reducers) within the channel bar were highest (5.9 x 103 mL-1, Table 5.2) in porewater from
IW25, possibly reflective of carbon inputs derived from tree root exudates at this location.
Interestingly, the fully oxygenated river water also hosted high concentrations of anaerobes (e.g.
2.3 x 103 sulfate reducers mL-1). In fact, cultivable iron-reducing microorganisms were only
detected in RW. The significance of this result is unclear, but could reflect the influence of an
upstream wastewater treatment plant, whose discharge represents a significant proportion of
stream volume at base flow. It is possible that with a longer in vitro incubation period, iron
reducers would have been detected from the porewater samples.
The greatest loss in nitrate occurred between the riverbed hyporheic zone site (P60) and
the most upstream of the channel bar sites (IW36), suggesting that denitrification activity was
greatest at the leading edge of the channel bar. In spite of the lack of chemical evidence for
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denitrification at P60 (Table 5.1, Figure 5.2), the highest concentration of cultivable denitrifying
microorganisms (as verified by MPN, nitrate reduction activity and gas production, Table 5.2)
was detected in this sample. Given that the overall flow within the riverbed hyporheic zone is in
the same direction as the river, the high concentration of cultivable denitrifiers at P60 may not
contradict the lack of chemical evidence for nitrate reduction at P60. Rather, the chemical
signature of their activity may have been transferred downstream within the riverbed cobble,
perhaps reflected in the lower nitrate value we detected and concomitant lower concentration of
cultivable denitrifying microorganisms in porewater from IW36. Other than overall lower
concentrations, no obvious patterns in cultivable denitrifier concentrations were apparent further
along the flow path (samples IW25, IW02, and IW27). Nitrate concentrations from these sites
were uniformly low (0.006 – 0.003 mg/L), perhaps indicative that denitrification had gone to
completion or that nitrate concentrations were sufficiently low to prevent further nitrate
reduction.
What may be informative was the very low density of nitrate-reducing microorganisms in
sample IW25 (MPN indicating ~5 cells mL-1, Table 5.2). This site is different from the
remainder in two respects. First, this location corresponds to the downstream edge of a
vegetation stand that occupies the leading edge of the MRCB. Second, IW25 loosely corresponds
with the location of a significant predicted groundwater mound (Shope et al., 2012) and thus may
be insulated from fresh inputs of river-derived nitrate that would stimulate denitrifying
microorganisms. It is conceivable that nitrate in hyporheic zone fluids passing through this stand
was consumed either directly by the trees or by rhizosphere microorganisms stimulated by
carbon-rich root exudates. Possibly in support of this hypothesis is the fact that sample IW25
also had the highest DOC concentration of any sample within MRCB.
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Prokaryotic diversity within the hyporheic zone
Analyses of prokaryotic community structure via cultivation-independent methods
corroborated the cultivation-based metabolic diversity results discussed in Section 4.2. The
prokaryotic community of RW was distinct, less diverse, and dominated by unique OTUs
compared to all hyporheic zone porewater samples (Tables S5.2 and S5.3, Figures 5.4 and S5.1).
The most abundant OTUs in RW were predicted aerobic heterotrophs, some of which were
capable of nitrate reduction (e.g.: Sporichthyaceae (Tamura et al., 1999) and Comamonadaceae
(Willems, 2014)). With the exception of the Acidovorax facilis OTU, the most dominant OTUs
in RW were found in low abundances in all porewater samples (≤0.2% relative abundance each).
Given the presence of putative nitrate reducers in the 16S rRNA gene sequence library for RW,
and a concentration of cultivable aerobic heterotrophs three orders of magnitude greater than
cultivable nitrate reducers (7.0 x 106 cells mL-1 vs. 5.9 x 103 cells mL-1, Table 2) and six orders
of magnitude higher than denitrifiers (6.0 x 100 cells mL-1), the RW microbial community has
the capacity for nitrate reduction, although environmental conditions (in particular, dissolved
oxygen concentrations) strongly favored aerobic heterotrophy.
We observed a shift in predicted metabolic strategy of the abundant OTUs between
surface water and porewater: from aerobic heterotrophy to anaerobic, chemolithoautotrophic, and
fermentative metabolisms. This shift was likely due to suboxic or anaerobic conditions in
porewater samples that would have supported these metabolisms (Table S5.3). River porewater
(P60) was dominated by predicted facultative anaerobes, obligate anaerobic fermenters,
lithoautotrophs, anoxygenic phototrophs, and aerobic heterotrophs. The Dechloromonas OTU,
the most abundant OTU in P60, is a predicted facultative anaerobe capable of Fe2+ oxidation
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coupled to NO3- reduction (Achenbach et al., 2001; Chakraborty and Picardal, 2013). The
dominant OTUs at P60 likely contribute to denitrification and dissolved organic carbon removal.
Furthermore, the concentration of cultivable denitrifiers (as evidenced by nitrate reduction and
gas production) from P60 was two orders of magnitude higher than RW (Table 5.2), likely due to
decreased oxygen concentrations in P60, providing additional evidence for a shift in metabolic
capacity between the two sites.
The microbial community structure of MRCB porewater samples (IW36, IW02, and
IW27) were similar (Figure S5.2). Predicted metabolisms of dominant OTUs includes
autotrophic or acetoclastic methanogens found in strictly anaerobic environments (e.g.
Methanobacterium species (Garcia et al., 2000; Moser et al., 2005)); obligate anaerobes capable
of dissimilatory Fe3+ reduction and nitrate reduction (e.g. Ferribacterium species (Cummings et
al., 1999) and metabolically diverse Peptococcaceae (Stackebrandt, 2014));
chemolithoautotrophic hydrogen oxidizers (e.g. Hydrogenophaga (Willems et al., 1989;
Kampfer et al., 2005; Gan et al., 2017)); and a predicted magnetotactic, sulfur-oxidizing,
nitrogen-fixing autotroph (e.g. Candidatus Omnitrophus (Kolinko et al., 2012; Kolinko et al.,
2016)). Given the characteristics of and similarities in chemical profiles of IW36, IW02, and
IW27 (Table 1, Figs. 2, 3, and S2) (e.g.: low dissolved oxygen concentrations, similar
concentrations of NO3- and SO42-), it is not surprising that the top five most abundant OTUs are
capable of growth under anaerobic or suboxic conditions, and that these OTUs have somewhat
similar abundances in each of the three samples (Table S5.3).The abundances of putative Fe3+reducing bacteria likely explains the increase in soluble iron concentrations (Table 5.1) in these
samples, although we did not detect cultivable Fe3+ reducers (Table 5.2). The high abundances of
Methanobacterium OTUs, which were found in low abundances or undetected in RW, P60, and
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IW25, further indicates strong induction of anaerobic processes within the MRCB. This also
suggests that denitrification and sulfate reduction may have been exhausted, as the
concentrations of both NO3- and SO42- were similar. Likewise, the concentration of cultivable
nitrate reducers, denitrifiers (nitrate reduction with gas production), and sulfate reducers were
low (Table 2). Nonetheless, genera of sulfate-reducing bacteria (Desulfomicrobium and
Desulfovibrio, Table S5.3) were detected alongside Methanobacterium in the MRCB, ranging
from 0 to ~1.5% relative abundance. Under high sulfate concentrations, sulfate reducers
outcompete methanogens for hydrogen (Kristjansson et al., 1982; Robinson and Tiedje, 1984);
however, these two groups of organisms have been shown to coexist under low sulfate
conditions (Stevens and McKinley, 1995; Wilms et al., 2007). Further study is needed to
elucidate methanogen/sulfate-reducing microbial population dynamics within the MRCB.
Although one might expect the prokaryotic community at IW25 to be similar to other
MRCB porewater communities based on chemistry profiles (Table 5.1, Figures 5.2, 53, and
S5.2), cluster analysis of abundance-unweighted UniFrac distances, a qualitative measure of
community similarity, indicated that the prokaryotic community of IW25 was comprised of
similar taxa as IW02 and IW36 (Figure S5.3). However, cluster analysis of abundance-weighted
UniFrac distances, a quantitative measure of community similarity, indicated that the IW25
community was more similar to RW and P60 communities (Figure S5.1) and suggests that the
prokaryotic organisms detected in IW25 were differentially abundant compared to the other
MRCB communities. In fact, the most dominant OTUs in IW25 (with the exception of
OTU_809, Hydrogenophaga) were generally undetected or found in low abundance (<~1.1%
relative abundance) in all other samples. Predicted metabolisms of abundant OTUs in IW25
include: aerobic heterotrophs (Parvarchaeota (Chen et al., 2018), speculated to also be involved
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in iron oxidation); aerobic chemolithoautotrophic nitrite oxidizers (Nitrospinae (Teske et al.,
1994; Lucker et al., 2013; Rani et al., 2016)); and anaerobic, halophilic or halotolerant
homoacetogens or fermenters (Halanaerobiales (Roush et al., 2014)). Although IW25 and the
remainder of the MRCB sites shared a dominant OTU (Hydrogenophaga) and closely related
OTUs (e.g.: OTUs in the Omnitrophica phylum), the higher abundance of putative nitrite
oxidizing bacteria (Nitrospinae) in IW25 compared to the remaining sites (≤0.4%) may be
indicative of incomplete denitrification or ammonia oxidation to nitrate or nitrite at this sample
location. However, nitrite and nitrate concentrations were low at IW25, yet ammonia
concentrations were much lower compared to samples taken from directly upstream (IW36) and
downstream (IW02). Microbially driven ammonia oxidation to nitrite and nitrate, coupled with
nitrate uptake by rhizosphere-associated microorganisms stimulated by carbon-rich root exudates
at IW25, could explain the lower concentration of ammonia and nearly undetectable
concentrations of nitrate and nitrite measured at IW25.

Implications
Hyporheic zones have been classified as ‘biogeochemical hotspots’ (McClain et al.,
2003; Craig et al., 2010; Stegen et al., 2018). In these environments, microorganisms are
primarily responsible for up to 75-90% of aerobic respiration (Naegeli and Uehlinger, 1997),
removal of dissolved nitrate under oxic (Hill and Lymburner, 1998; Morrice et al., 2000) and
suboxic conditions (Duff and Triska, 1990; Holmes et al., 1996; Moser et al., 2003) via nitrate
reduction and denitrification, but also contribute to iron, manganese, and sulfur cycling (Moser et
al., 2003). Hyporheic zones within partially submerged geomorphic structures have garnered
attention for their role in DO, DOC, and NO3- removal (Zarnetske et al., 2011), and for their
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higher predicted capacity for denitrification compared to their fully submerged counterparts
(Trauth et al., 2015). From our investigation of the microbial ecology of the MRCB, a partially
submerged cobble channel bar in the Truckee River, we observed a continuum from oxygenated
water dominated by aerobic heterotrophs (RW and, to a lesser extent, P60) to suboxic water
dominated by metabolically flexible yet primarily anaerobic microorganisms throughout the
MRCB. Both chemical and microbiological evidence suggests that nitrate reduction and
denitrification are important processes throughout the MRCB and that partially submerged
fluvial environments with sufficient hydraulic gradient and conductivity (Zarnetske et al., 2011;
Reeder et al., 2018) are important for nitrate removal and thus improved water quality in rivers.
We propose that partially submerged fluvial environments serve as ecologically important zones
of enhanced biological activity and that these natural bioreactors possess capacity for the
attenuation of compounds important for water quality and ecosystem health, including nitrate
and sulfate.
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CHAPTER 5 SUPPLEMENTARY MATERIAL

Figure S5.1. Unweighted pair group with arithmetic mean (UPGMA)-cluster tree of pairwise
abundance-weighted UniFrac distances. Node support symbols with 100% bootstrap support,
based on 100 rarefactions of 10,000 sequences per sample, are indicated by filled squares. The
scale bar represents 5% community dissimilarity.
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Figure S5.2. Dissolved inorganic and organic carbon concentrations. Changes in concentrations
of dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) along the inferred
hyporheic flow path (from left to right in the diagram). DIC concentrations (blue circles with a
blue dashed line) are plotted against the left axis in mg L-1 CaCO3. DOC concentrations (green
squares with a green dotted line) are plotted against the right axis in g L-1.
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Figure S5.3. Unweighted pair group with arithmetic mean (UPGMA)-cluster tree of pairwise
abundance-unweighted UniFrac distances. Node support symbols with 100% bootstrap support,
based on 100 rarefactions of 10,000 sequences per sample, are indicated by filled squares. The
scale bar represents 5% community dissimilarity.

Table S5.1. Sequencing statistics for 16S rRNA gene libraries.
1

2
Total Raw
Quality- and
2
3
Paired-End
ChimeraFiltered Read Length (bp)
Final Read
Reads
Filtered Reads
Mean (SD)
Count
RW
122,470
63,698
291.88 (12.78)
51,983
P60
54,068
28,877
292.40 (12.81)
19,245
IW36
54,499
29,852
292.53 (10.82)
21,706
IW25
57,399
28,656
292.45 (11.45)
19,575
IW02
49,868
26,407
292.87 (12.87)
18,595
IW27
57,867
29,579
301.13 (29.79)
18,997
1
Calculated prior to paired-end joining
2
Calculated after paired-end joining, quality filtering, and chimera removal
3
Calculated after paired-end joining, quality filtering, chimera removal, and abundancebased OTU filtering
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Table S5.2. Alpha diversity metrics for Truckee River prokaryotic communities.
Alpha Diversity Metric
OTU Richness

Chao1

Faith's PD

Shannon
Index

728.7 (10.3)
865.5 (26.2)
35.7 (0.8)
7.15 (0.02)
1,492.9 (12.5)
1,844.7 (40.5)
79.9 (0.6)
9.12 (0.02)
1,515.4 (11.4)
1,731.1 (30.0)
85.2 (0.6)
8.97 (0.02)
1,528.7 (12.0)
1,843.3 (35.8)
81.0 (0.6)
9.37 (0.01)
1,550.7 (11.8)
1,838.4 (35.7)
84.9 (0.6)
9.00 (0.02)
1,249.1 (11.3)
1,487.6 (35.0)
73.1 (0.6)
8.89 (0.02)
Indices are presented as Mean (SD) based on 100 rarefactions of 10,000 sequences per sample.

RW
P60
IW36
IW25
IW02
IW27
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Table S5.3. Taxonomy, OTU ID, and percent relative abundance of the most abundant OTUs at each sample location based on the
unrarefied OTU table. The top five most abundant OTUs per sample are in bold. OTUs with predicted/inferred aerobic or phototrophic
metabolisms are separated by a line from OTUs with predicted obligate anaerobic, facultative anaerobic, or fermentative metabolisms.
OTU ID
2051
619
916
803
613
2229
574
900
889
538
779
840
624
2555
1855
220
1345
809
897
269
276
878
644
2412

aTaxonomy

p_Parvarchaeota
p_Actinobacteria, g_Rhodococcus
p_Actinobacteria, f_Sporichthyaceae (hgcl clade)
p_Actinobacteria, f_Sporichthyaceae (hgcl clade)
p_Bacteroidetes, g_Pseudarcicella
p_Nitrospinae, c_Belgica2005-10-ZG-3
c_Alphaproteobacteria, g_Rhodobacter
c_Betaproteobacteria, f_Comamonadaceae
c_Betaproteobacteria, s_Acidovorax facilis
p_Euryarchaeota, g_Methanobacterium
p_Euryarchaeota, g_Methanobacterium
p_Firmicutes, g_Trichococcus
p_Firmicutes, f_Peptococcaceae
p_Firmicutes, g_Ruminiclostridium
p_Firmicutes, o_Halanaerobiales
p_Omnitrophica, g_Candidatus Omnitrophus
p_Omnitrophica
c_Betaproteobacteria, g_Hydrogenophaga
c_Betaproteobacteria, g_Sideroxydans
c_Betaproteobacteria, g_Dechloromonas
c_Betaproteobacteria, g_Ferribacterium
c_Deltaproteobacteria, g_Desulfomicrobium
c_Deltaproteobacteria, g_Desulfovibrio
Unassigned

RW
0.002
0
3.842
4.742
7.783
0
0.119
9.34
3.528
0.023
0.004
0.006
0.002
0.004
0.004
0.079
0.002
0.466
0.006
0.004
0.027
0
0.002
0

P60
0.125
2.297
0.114
0.078
0.016
0.343
2.806
0.203
0.12
0
0
0.005
0.125
1.445
0.068
0.624
0.364
0.145
1.777
3.658
0.852
0
0.057
0.005

IW36
0.129
0
0.152
0.018
0.005
0.405
0
0.023
0.037
4.16
1.926
0
2.198
0
0.184
2.133
1.073
8.293
0.005
0.009
0
0
1.341
0.018

IW25
1.374
0.01
0.01
0
0.01
2.421
0
0.015
0.01
0.133
0.066
0.005
0.761
0
1.405
0.94
1.747
1.369
0
0.005
0.005
0.005
0.215
0.005

a

IW02
0.102
0
0.032
0.011
0.011
0.344
0.005
0.032
0.613
1.893
0.71
0
1.683
0
0.172
1.194
0.753
6.416
0
0
5.399
1.49
0.194
0.177

IW27
0.242
0.005
0.005
0
0.005
0.216
0
0.037
2.074
1.158
0.358
2.29
0.368
0
0.368
0.332
0.005
6.401
0.021
0
0.047
0.484
1.216
1.89

Predicted/Inferred Metabolism and Characteristics
Aerobic heterotrophy, Fe2+ oxidation [1]
Aerobic heterotrophy [2]
Aerobic heterotrophy [3-5], NO3- reduction [3]
Aerobic heterotrophy [3-5], NO3- reduction [3]
Aerobic heterotrophy [6-8]
Aerobic chemolithoautotrophic NO2- oxidizers [9-11]
Anoxygenic phototrophy, N2 fixation [12]
Aerobic heterotrophy, NO3- reduction among some taxa [13]
Aerobic heterotrophy[13, 14], chemoautotrophy [14]
Autotrophic or acetoclastic methanogenesis [15, 16]
Autotrophic or acetoclastic methanogenesis [15, 16]
Aerotolerant, fermentative metabolism [17, 18]
Ob. anaerobe, metabolically diverse [19]
Ob. anaerobe; N2 fixation; cellulose, xylan, cellobiose fermentation [20]
Anaerobic halophilic/halotolerant homoacetogens and fermenters [21]
Magnetotactic, sulfur oxidation, N2 fixation, autotrophy [22, 23]
Autotrophy [22-24], methanotrophy [24]
Chemolithoautotrophy, H2 oxidation [25-27]
Lithoautotrophy, Fe2+ oxidation [28-30]
Facultative anaerobe, Fe2+ oxidation coupled to NO3- reduction [31, 32]
Ob. anaerobe, dissimilatory Fe3+ reduction, NO3- reduction [33]
Ob. anaerobe, chemoauto- and chemoheterotrophy, sulfur reduction [34]
Ob. anaerobe, chemoheterotrophy, SO42- reduction [35, 36]
–

Taxonomy prefixes (p_, c_, o_, f_, g_, and s_) correspond to phylum-, class-, order-, family-, genus-, and species-level taxonomy. Deepest
taxonomic resolution is shown.
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Appendix S5.1. Sheet 1: Unrarefied OTU table including OTU numbers, OTU sequences,
taxonomy, and OTU counts. Sheet 2: OTU table, rarefied to a depth of 10,000 sequences per
sample, including OTU numbers, OTU sequences, taxonomy, and OTU counts. Uclust-assigned
taxonomy was derived from the SILVA_128 curated reference database at 97% sequence
identity (k = kingdom, p = phylum, c = class, o = order, f = family, g = genus,
s = species). Sheet 3: Abundances of prokaryotic phyla detected in each sample. The
Proteobacteria have been subdivided into classes. The appendix is available for download here:
http://dx.doi.org/10.17632/j6kc9n4hwn.1
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CHAPTER 6 – CONCLUSIONS

Continental subsurface environments have been described as ‘biodiversity hotspots’
(Anantharaman et al., 2016; Hernsdorf et al., 2017) due to the presence and abundance of deeply
branching bacterial phyla belonging to the Candidate Phyla Radiation (CPR) (Brown et al., 2015;
Probst et al., 2018) and archaeal phyla belonging to the DPANN superphylum and others (Rinke
et al., 2013; Brown et al., 2015; Probst et al., 2018) (Figure 1.2). These diverse communities,
isolated from carbon and energy inputs from phototrophy, are comprised of organisms capable of
survival under oligotrophic conditions and are taxonomically distinct from surface communities
(Stevens and McKinley, 1995; Lin et al., 2006; Hoehler and Jorgensen, 2013). Furthermore, the
presence, abundance, and distribution of microorganisms in the subsurface are often dictated by
local geochemistry and hydrology (Gihring et al., 2007). This dissertation presents the
culmination of over four years’ work to further our collective knowledge and understanding of
subsurface microbial ecology as accessed via discrete ‘windows’ into the deep biosphere of the
Death Valley Regional Flow System (Chapters Two, Three, and Four) and via a piezometer array
installed throughout a mid-stream channel bar in the Truckee River (Chapter Five).
Chapter Two evaluated the extent to which the Ash Meadows Fish Conservation Facility
(AMFCF) replicated environmental conditions (aqueous chemistry and microbiology) of Devils
Hole, the sole natural habitat for the critically endangered Devils Hole pupfish (Cyprinodon
diabolis) (Sackett et al., 2018). We postulated that differences in nutrient chemistries and
inoculation pathways at AMFCF, particularly the lower concentrations of bioavailable nitrogen
in AMFCF compared to Devils Hole and the inhibition of allochthonous nutrient input and
microbial inocula, are responsible for the disparities observed in microbial community structure
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and nutrient status between AMFCF and Devils Hole. However, it must be noted that these
conclusions were made based on a single sampling time point and it remains unclear if these
observations are consistent over time. Repeating this study and including multiple time points
over the course of a single or multiple years would provide further insight into the status of
AMFCF relative to Devils Hole and would inform decisions for the management of AMFCF and
propagation of captive ‘backup’ populations of the Devils Hole pupfish.
As Chapter Two focused on comparing the trophic status and microbial ecology of
AMFCF and Devils Hole, little attention was given to their direct connection with subsurface
fluids. Devils Hole is a tectonic cave in 550 Ma Paleozoic carbonates that accesses deep
subsurface fluids of the Death Valley Regional Flow System (hence its classification as a
geothermal limnocrene (Riggs and Deacon, 2002)). Similarly, AMFCF receives water from two
shallow production wells (P-1 and P-9) that access the same regional aquifer that supplies Devils
Hole. Fluids collected from P-9 were oxic, relatively warm (38°C), and had a similar
geochemical profile (with the exception of dissolved nutrients) to both AMFCF and Devils Hole
water (Table 2.1). However, the composition and structure of the microbial community of P-9
was dissimilar to AMFCF and Devils Hole sediment and planktonic communities (Figures 2.2
and 2.3). Furthermore, Nitrospirae, a phylum-level lineage common in subsurface environments
(Lau et al., 2014; Anantharaman et al., 2016; Frank et al., 2016; Momper et al., 2017), were
abundant in P-9 (15.7% relative abundance) and only comprised a small portion of all AMFCF
and Devils Hole communities (typically <2%, Figure 2.2 and Appendix 2.1 Sheet 3). These
disparities highlight the degree to which surface springs are influenced by ‘surface
contamination’ – organisms and other materials derived from surface environments. In some
cases, as is likely the case in Devils Hole, allochthonous deposition and surface influence can
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result in ecological shifts such that the nutrient status and planktonic microbiology no longer
resemble that of subsurface fluids. Thus, caution must be exercised when inferring the microbial
ecology of subsurface environments based on samples collected on the earth’s surface (e.g. in
surface springs).
Chapter Three evaluated the microbiology and aqueous geochemistry of BLM1, an
883.5 meter deep borehole that intersects hydrologically conductive Paleozoic carbonates
(Hidden Valley Dolomite) at 748 meters below land surface (mbls) in the Death Valley Regional
Flow System. The goals of the study were to 1) compare planktonic subsurface aquifer-derived
microbial communities (pumped samples) to planktonic microbial communities of subsurface
aquifer-derived static borehole fluids (discrete samples), 2) evaluate spatial and temporal
dynamics of synthetic sponge-colonized microbial communities in static borehole fluids as a
proxy for surface-colonizing microorganisms in the subsurface, and 3) evaluate the response of
subsurface-derived microbial communities to nutrient addition in the form of natural sea sponge
incubations. Briefly, we have shown that planktonic microbial communities of pumped samples
were less diverse, phylogenetically distinct, and composed of different abundant taxa compared
to microbial communities of discrete samples (static borehole fluids). Second, sponge-colonized
microbial community composition and structure were dictated by depth within BLM1.
Coincidentally, depth also correlates directly with environmental conditions (pH, temperature,
ORP, etc.), so any one of these parameters, or a combination of these parameters, could be
responsible for shaping microbial community composition and structure, as has been observed in
other subsurface habitats (Gihring et al., 2007). Third, natural sea sponge-colonized microbial
communities, and communities of synthetic sponges incubated in close proximity, were
dominated by taxa found in low abundances when sea sponges were absent. Although microbial
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activity was never explicitly tested, the radical shift in microbial communities dominated by
putative chemolithoautotrophs to communities dominated by heterotrophic organisms following
incubation of natural sea sponges implies that deep subsurface-derived microbial communities
are active and growth of specific physiotypes can be stimulated by inputs of carbon and energy
sources. In short, our study has revealed microbial communities dominated by yet-to-be
cultivated, phylogenetically deeply branching taxa, including candidate division Acetothermia,
candidate division Aminicenantes, Candidatus Desulforudis, Hadesarchaea, and novel lineages
in the Nitrospirae family, all of which have been observed in a variety of continental deep
biosphere environments (see Chapter Three for full analysis).
A strength of this study is the comprehensive geochemical assessment that was
performed on discrete water samples, which in turn permitted the calculation of Gibbs free
energy values for 77 potential metabolic redox reactions. These analyses predicted that
hydrogenotrophic sulfate reduction, anaerobic methane oxidation, and methanogenesis were the
metabolic reactions with the highest energy densities, particularly within the cased region of
BLM1 where H2 (produced via anaerobic corrosion of steel) was abundant. However, the
capacity for members of the microbial community to participate in such reactions was never
explicitly tested, but rather inferred from phylogeny. As such, one of the limitations of 16S
rRNA gene surveys is that the physiology of organisms must be inferred from phylogeny. Thus,
a logical follow-up to this study would be to employ omics approaches (e.g. metagenomics,
single-cell genomics, transcriptomics, proteomics, metabolomics) to determine microbial
community function and to evaluate if community members in BLM1 are capable of
participating in metabolic reactions predicted to be energetically favorable.
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Chapter Four employed a single-cell genomics approach to obtain a greater
understanding of the metabolic potential and ecological role of Kiritimatiellae in the continental
deep biosphere. We analyzed four draft single-cell Kiritimatiellae genomes obtained from hot,
anoxic, fault-associated paleometeoric water collected at a depth of 752 meters below land
surface in BLM1. Environmental and genomic data support the prediction of a predominantly
saccharolytic, fermentative lifestyle for Kiritimatiellae in BLM1, where carbon and energy are
likely derived from the hydrolysis and catabolism of glycopolymers, including microbial
necromass. By employing a whole-genome analysis approach, we were able to predict the
metabolic capacity of organisms present in BLM1 rather than inferring physiology from
phylogeny. However, single-cell genomics approaches are often limited by low genome recovery
(Stepanauskas et al., 2017). Additionally, the absence of genes in genome assemblies is only
informative if genome recovery is complete (100%). Despite these caveats, given the low
abundance of Kiritimatiellae in BLM1, single-cell genomics is an appropriate and powerful tool
to learn about uncultivated and rare taxa.
While genome reconstruction allows for predictions of activities and functions in situ,
other complementary approaches must be employed to validate these predictions. One such
approach would be to employ transcriptomics to look at gene expression patterns under
environmental conditions. Continued developments and improvements to single-cell
transcriptomics of Prokaryotes will facilitate the ability to look at gene expression in rare taxa
(Bossert et al., 2018). Another approach would be to cultivate Kiritimatiellae from BLM1 in
vitro. Spring and colleagues (2016) have shown that axenic cultivation of Kiritimatiellae is
possible. Cultivation of Kiritimatiellae from BLM1 would allow for biochemical/functional
characterization of this organism.
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Chapter Five evaluated the microbial ecology of hyporheic water samples collected
along a transect through a partially submerged cobble channel bar in the Truckee River. In
addition to assessing microbial community structure via 16S rRNA gene surveys, this study
assessed community function via cultivation strategies aimed at enumerating various physiotypes
in each sample. Although this habitat is located outside of the Death Valley Regional Flow
System, this study contributes to the subsurface microbial ecology theme of the dissertation.
Hyporheic zones, aphotic subsurface zones beneath and alongside a streambed where
shallow groundwater and surface water interact, have been classified as ‘biogeochemical
hotspots’ (McClain et al., 2003; Craig et al., 2010; Stegen et al., 2018) where microorganisms
are responsible for an estimated 75-90% of aerobic respiration (Naegeli and Uehlinger, 1997)
and cycling of nitrogen, sulfur, iron, and manganese (Hill and Lymburner, 1998; Zarnetske et al.,
2011; Trauth et al., 2015). Along the sampling transect in the direction of overall hyporheic flow,
we observed a continuum from oxygenated water dominated by aerobic heterotrophs (RW and,
to a lesser extent, P60) to suboxic water dominated by metabolically flexible yet primarily
anaerobic microorganisms. In line with other studies, we propose that partially submerged fluvial
environments serve as ecologically important zones of enhanced biological activity and
biogeochemical cycling. However, it must be noted that these conclusions were made based on a
single sampling event. As hyporheic flow is a dynamic process driven by hydrologic gradients, it
would be informative to determine changes in microbial community composition and function as
hydrologic gradients shift. Further, given the abundance of wells accessing groundwater in the
area surrounding the channel bar, a comparative evaluation of microbial community structure
and function from groundwater, hyporheic zone water, and surface water would provide insights
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into the extent to which subsurface-derived microorganisms contribute to biogeochemical
cycling in the hyporheic zone.
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